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ABS TRACT 


The aim of this research was to investigate behavior 
of prestressed concrete beams with large rectangular web 
Openings and to provide recommendations for design. The 
study included tests on laboratory beams and development of 
an analytical model based on a truss analogy. 

The experimental program consisted of tests to failure 
of eleven full-size simply supported prestressed concrete 
T-beams. The variables considered in the study were the 
length of the opening, the depth of the top strut and the 
shear reinforcement of the opening. 

Failure modes observed in this test program were: 

1. full whinging mechanism involving two hinges in the 
bottom strut and two hinges in the top strut. 

2. development of a partial hinging mechanism consisting 
of two hinges in the bottom strut and one hinge in the 


top strut, followed by a shear failure away from the 


opening. 

3. shear failure at solid shear span followed by strand 
debonding. 

4. flexural failure at midspan. 


Proper detailing of reinforcement around the opening 
was found essential to prevent brittle failure and widening 


of cracks at the corners of openings. 
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Recommendations are provided for shear design in the 
vicinity of openings. 

A computer-based analytical model was developed to 
determine the load-deflection response, up to yielding of 
reinforcement, of prestressed concrete beams with large 
rectangular web openings. The analysis was based on a 
truss model that includes the effects of progressive 
cracking. Post-cracking response is based on application 
of the effective moment of inertia concept. In addition, a 
simplified method is presented for Galculatrion or 


deflections by hand. 
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1. INTRODUCTION 


1,1 General Remarks 

In modern building construction, the mechanical and 
electrical services are usually carried in the space within 
the floor-ceiling sandwich. Passing utility services 
through openings in the floor beam webs minimizes the 
required storey height, reducing the cost of _ the 
structure. Thus, the ceiling may be attachec directly to 
the underside of the floor beams. Unless proper provisions 
are made by the designer for these web openings, the effect 
of web openings on the strength and serviceability of the 
floor beams may be critical. 

Limited research has been carried out on the effect of 
web openings on the behavior and strength of prestressed 
concrete beams. However, there is still a need for further 
investigation since some issues have not been completely 
resolved. The aims of this investigation were: 

1g to investigate behavior at the ultimate load level 
and provide recommendations concerning design for 
the ultimate limit state. 

2. to develop an analytical model able to simulate 


the behavior in the serviceability range of 
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prestressed concrete beams with large rectangular 
web openings. 

The experimental program consisted of tests to failure 
of eleven full-size simply supported prestressed concrete 
T-beams. The variables selected were the length of the 
openings, the depth of the top strut, and the shear 
reinforcement of the opening. An analytical model based on 
a truss analogy was developed to simulate behavior in the 
post-cracking range. The truss model permits evaluation of 
variations in flexural stiffness in the struts above and 
below openings, as well as at solid sections of the bean. 
Experimental results were compared with results obtained 
from the analytical model. Based on the results of this 
investigation, @Gesign recommendations are presented for 


both the serviceability and ultimate limit states. 


1.2 Literature Review 


ewliowntroduction 

This section reviews the results of previous research 
On concrete beams with web openings. The effect of the 
selected parameters on the behavior of such beams as well 
as the suggested desiaqn recommendations are examined. 


Existing codes provisions are also discussed. 
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A number of papers were found to deal specifically 
with reinforced concrete beams containing multiple or 
isolated web openings. However, only a few major 
investigations dealing with prestressed concrete beams with 
multiple large web openings or isolated large web openings 


were found. 


1.2.2 Reinforced Concrete Beams 


Borentsen £132 


conducted an experimental investigation 
on reinforced concrete T-beams containing a_ single 
rectangular opening. The objective of his work was to 
present a design method for reinforced concrete beams with 
web openings. Lorentsen tested four beams under different 
Loaécing (conditions: The modes of failure observed were 
yielding of main reinforcement, bond failure at the edge of 
the opening and secondary stress concrete crushing. Two 
beams that failed by yielding of main reinforcement were 
not weakened by the presence of the opening and the 
Capacity of the main tensile reinforcement was fully 
developed. In the beams presenting bond failure at the 
edge of the opening or secondary stress concrete crushing, 
the sections at the edge of ete opening were deciding 
factors in the magnitude of the failure loads. The crack 
formed at the end of the reinforcing bars in the upper 


framing flange opened and extended at an angle toward the 
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edge of the opening so that bond between steel and concrete 
was destroyed. From the tests it was concluded that 
additional stirrups should be placed near the edges of the 
openings to avoid bond cracks. 

An elastic analysis for determining the forces in the 
struts was proposed by Lorentsen. The capacity of the top 
strut to resist these forces was determined according to 
the German Concrete Code DIN 422719), The main assumption 
in the analysis was that the bottom strut where the tensile 


reinforcement was placed would be considered as a tension 


member, unable to resist moment, as shown @tinnheFige 
ieee sic. 35. Therefore the total shear force would be carried 
by the top strut. Lorentsen's main assumption resulted in 


a very conservative estimate of beam strength. 


Nasser, Acavalos and Dani enet®? 


provided a theoretical 
approach for reinforced concrete beams with large web 
openings. The assumptions made in the analysis and design 
of such beams were that the top and bottom struts would 
behave like the chords of a Vierendeel panel, would have 
contraflexure points at their midspan, and when adeguately 
reinforced would carry the external shear in proportion to 
their areas. It was also assumed that the shear in the 
struts would induce a diagonal force concentration at the 


corner of the opening and its value would be twice the 


shear force. 
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To verify the validity of the assumptions made, ten 
simply supported reinforced concrete beams with rectangular 
cross- sections were tested. The selected parameters were 
the size and location of rectangular openings and the 
amount of shear reinforcement in the struts. The test 
results corroborated most of the assumptions. It was 
verified that the top and bottom struts behave in a manner 
Similar to the chords of a Vierendeel panel, as proposed 


(23). At ultimate, the shear force at the 


earlier by Segner 
opening was found to be carried by the struts in proportion 
to their cross-sectional areas. Readings taken at the top 
strut showed that the position of the contraflexure point 
was not necessarily at its midlength, but its range of 
Variation was relatively small. Inclined reinforcement 
placed at the corners of the opening to avoid severe and 
extensive diagonal cracking was found to be effective. The 
reinforcement details of a test specimen are shown in Fig. 
1.2.2.2. A method to determine a safe value for the shear 
concentration factor at the corners of the opening was 
proposed. Adequately reinforced large openings in 
rectangular beams did not reduce the ultimate capacity of 
the beam but reduced its stiffness. 

A study of square web openings in continuous 
lightweight-aggregate concrete joists was made by 


Hanson (10) , The principal variables considered were 
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horizontal and vertical positions of the opening, size of 
the opening and the effect of the stirrup reinforcement 
along the sides of the opening. 

The test data indicated that, near the midlength of 
the compressive strut, the compressive force could be 
considered to be concentrated at the centroid of the 
strut. The magnitude of the axial compressive force could 
be calculated from the external bending moment. It was 
found that until cracking, the distribution of shear 
between the struts was approximately in propertion to the 
cross-sectional areas of the struts. After cracking, the 
compressive strut tended to carry all of the shear. It was 
observed that the stirrup reinforcement along the sides of 
the opening was of great benefit. Failure occurred either 
by crushing of the concrete in flexure at the stub, not 
being influenced by the presence of the opening, or by 
shear at a location between the opening and the center 
stub, resulting in a 12 percent increase in the specimen 
Capacity. 

A conservative prediction of the strenath of beams 
with square openings in unreinforced webs cou) be obtained 
by calculating the load causing tensile crac:.ing at the 
opening. Hanson's work was extended by consicering other 
shapes of openings, multiple openings and openings near 


noncontinuous supports. 


1.2.3 Prestressed Concrete Beams 

The effect of web openings in prestressed concrete 
bears was first reported by Ragan and Warwaruk (19), Four 
model beams were tested to provide experimental information 
to permit the design of prestressed concrete T-beams with 
large web openings. To confirm the validity of the 
sugcested design method two full size T-beams were tested 
to failure. Both sets of beams were provided with multiple 
openings. Figure 1.2.3.1 and Fig. 1.2.3.2 respectively 
show the details of a typical model beam and a full size 
beam. 

The basic information derived from the model beam 
tests was the load-deflection relationship. The mode of 
failure of all the model beams with web openings was 
throuch formation of a mechanism in the struts. In two of 
the beams the mechanism developed over two openings. 

Based on the test results of the model beams, full 
Size beams were desianed and tested. The main assumption 
was that the shear at a critical section containing a web 
opening would be resisted by the bottom and top struts in 
proportion to their areas. Since the model beams exhibited 
severe cracking at the connection of the vertical posts to 
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to the short faces. To avoid failure by inclined cracking 
amp the bottom’ strut No. 3 stirrups were provided in the 
bottom strut. The full-size beams also failed through 
formation of a mechanism, but it was not as clearly shown 
as in the test model beams. The authors concluded that 
failure occurred when the flange above a wekt opening failed 
by shear-compression resulting in a sudden release of 
energy with a stress wave traveling along the beam and 
fatiming each post in turn: 

It was concluded that long span single-tee members 
with large web openings could be built to meet code 
requirements in every manner. No design procedure was 
suacested. 

Linder(12) conducted tests on thirty simply supported 
prestressed concrete beams with multiple larqge web 
openings. His test program was based on the results of the 
tests of Sauve(2l) and Le Blanc(l!) on prestressed concrete 
T-beams containing larae multiple rectangular and 
parallellogram shaped openings. The investigation was 
concerned with the behavior and the development of design 
procedures for prestressed concrete T-beams with large web 
openings. The prime variable in the test program was the 
reinforcing requirements in the region around the 
openings. Other parameters such as loading conditions and 


flexural capacity were varied to place @ifferent demands on 
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the reinforcement. Figure 1273.3" "shows * details’ o6f* “a 
typical test specimen. 

The failure modes observed in this test program were 
flexural, post shear, strut shear and strut flexure. Ten 
of the beams failed in flexure under three of five 
different loadings. The failure was caused by rupture of 
one or more of the prestressing strands. The beams failing 
in post shear presented a failure indicated by the failure 
of a post in the shear span which resulted in the lateral 


displacement of the top and bottom portions of the post. 


The strut flexural reinforcement failed and a mechanism 
formed over two openings. It was found that for the beams 
failing in post shear the reinforcement in the post closer 
to the support had the greatest influence on the ability of 
the post to resist the applied forces. It was also 
observed that load carrying capacity of the beams increased 
by increasing the area of vertical stirrups in the post 
closer to the support and by providing inclined post 
reinforcement. The addition of the horizontal stirrups in 
the posts increased the shear capacity of the post. The 
size and shape of the posts also affected the post 
behavior. Langer) postsephadeestheitneibexunal ~pcapacity 
increased. The author stated that increasing the 
horizontal dimension of vertical posts increases the post's 


ability to resist horizontal shear and reduces the strain 
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in the post reinforcement. The beams failing in strut 
shear presented a shear compression failure of the top 
strut and/or a shear and tension failure of the bottom 
strut. The addition of shear reinforcement in the top and 
bottom struts usually eliminated this type of failure. 
Beams failing in strut flexure presented a failure in which 
both ends of the top and bottom strut failed in flexure 
developing a mechanism over one opening with hinges at both 
endos of thee struts: Based on the test results Linder 
Suggested onthateithe -tstrut tlexural< capacity « could »-be 
reasonably well predicted by calculating the load at which 
the first hinge would be formed. This prediction was based 
on the following assumptions: 

-the shear at the opening is distributed to the top and 
bottom struts according to the cross-sectional area of 
the struts. 

-the sinfilectiion: rpointenularewedocatedna atehetheseestrut 
midlength. 

=the <xXiadehforcer pmjthe-etoparstrut acts through its 
centroid and in the bottom strut through the centroid 
of the tension reinforcement. The axial force in the 
SeruGinks sequal. tos. thea beam; emoment.-at wethe, strut 
centerline divided by the distance between the forces. 

-the axial load-bending moment interaction diagrams are 


considered for checking the strut flexural capacity. 
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This procedure was found to lead to a conservative 
prediction of the strut flexural capacity. Linder also 
proposed that the solid shear span should be designed in 
the usual manner using ACI Building Code (318-71) 
provisions, and extra stirrups carrying the total shear on 
the section should be placed adjacent to the opening closer 
to the support. The posts should be designed to resist the 
horizontal shear due to the change in the struts axial 
forces. The determination of a relationship for the 
distribution of Reyes to the top and bottom struts required 
further investigation. 

A study of large rectangular web openings in simply 
supported prestressed concrete beams was conducted by 
Barney (4), Thirteen full size simply supported prestressed 
concrete T-beams were tested. Figure 1.2.3.4 shows the 
details of a typical specimen. The variables investigated 
were the size of the rectangular web opening, the location 
of the opening along the span and the amount of main 
flexural and web shear reinforcement. 

An analytical model was developed for calculating 
forces in the struts. The model consisted of two members 
Serrvesponding to the top and bottom struts which were 
assumed to frame into rigid abutments as shown in Fig. 
LEG Be Since it was observed by Hanson that cracking 


affectea the distribution of forces in the struts, the 
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determination of the stiffness of cracked members was taken 
into account in the analytical procedure. The application 
of the analytical procedure is limited to beams with struts 
fot “penetrated by a, full depth crack. Although the 
analytical procedure was based on the assumption of linear 
elastic materials properties it was used to predict the 
distribution of forces in the inelastic range of response. 

The test results established that the strength of 
prestressed concrete beams with large web openings was 
drastically reduced when cracking at an opening was allowed 
to extend into the required strand embedment length. phe 
was emphasized that web openings must be located outside 
the required embedment length and additional vertical 
stirrups must be provided adjacent to the openings to carry 
the full design ultimate shear force. It was also observed 
that cracking had a significant effect on the shear 
distribution in the struts. Before cracking, shear was 
mieeributed to the struts in proportion to their gross 
moment of inertia. 

To take into account the redistribution of forces in 
the struts after cracking had occurred, Barney proposed a 
design procedure that depends on the extent of cracking in 
the tensile strut. Before a crack extends the full depth 
De ethe! tensile est rutrrthertensi*e astrut isndesigned ito 
Carry “some tof the shear. The recommended design forces 
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When a crack had extended the full depth of the tensile 
strut, the compressive strut should be designed to carry 


the total shear. The recommended design forces are: 


Ves, Cie) 


Vy = 0 (1.4) 


The use of this procedure for determining the shear forces 

in the struts at ultimate load leads to a conservative 
Pee ch since Barney's test results showed that at ultimate 
the shear carried by the compressive strut varied from 43% 


to 59% of the total shear. 


1.2.4 Existing Code Provisions 

Most codes een practice make Litt le or no 
recommendation about web openings in prestressed or 
reinforced concrete beams. The ACI Building Code 
faye=77) 621) makes general recommendations concerning the 


size of openings created by pipes embedded in concrete 
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beams. The size of the opening is restricted to one third 
of the beam thickness and the space between openings is 
restricted to three diameters or widths on center. However 
the Code makes no reference to requirements for reinforced 
or prestressed concrete beams provided with web openings. 

The British Standard Code of Practice (cP110-72) (©) 
and the Canadian Standard (CAN-A23.3-M77) (17), although 
they refer to openings in floor slabs, do not specifically 
deal with beams containing web openings. 

The New Zealand Standard (Dz3101-80) (18) does give 
some recommendations which have been largely restricted to 
the restatement of general principles in "good engineering 
practice". The Code states that adjacent web openings 
placed in flexural members’ shall be arranged so that 
potential failure planes across such openings cannot occur. 

Small square or circular web openings may be placed in 
the mid-depth of the web provided that cover requirements 
for longitudinal and transverse reinforcement are 
satisfied. The clear distance between such openings shall 
not be less than 150 mm. The size of a small opening shall 
not exceed 1000 mm’ for flexural members with an effective 
depth less than or equal to 500 mm or 0.004 a2 when the 
effective depth is more than 500 mm. 

A web opening is considered large whenever its largest 


dimension exceeds one quarter of the effective depth of the 
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A web opening is considered large whenever its largest 
dimension exceeds one quarter of the effective depth of the 
member. Large web openings shall not be placed where they 
could affect the flexural or shear capacity of the member 
nor where the total shear stress exceeds 0.4 pine OTH 
potential plastic hinge zones. In no case shall the height 
of the opening exceed 0.4 d nor shall its edge be closer 
than 0.33 d to the compression face of the member. 

The Code also makes some recommendations concerning 
the longitudinal and transverse reinforcement at large 
openings. The longitudinal and transverse reinforcement 
shall be placed in the compression side of the web to 
resist one and one half times the shear and moment 
generated by the shear across the opening. The transverse 
web reinforcement extending over the full depth of the web 
shall be placed adjacent to both sides of a large opening 
Over a distance not exceeding one half of the effective 
Gepth of the member to resist the entire design shear 
across the opening. Typical details of reinforcement 
around a large web opening according to the New Zealand 


Standard (DZ3101-80) are presented in Fig. 1.2.4.1. 


15 


ne hye 7 way 2h rp 
ae 


3 toys ie 10d 
aS  - Sne a rf P. ) pelaes ae ey ie 


steted eae ttade aes da ba atl 2 
q . i") 


TS80'LS “od nee de fpf, aed 


‘ i : : S 7 eG e 
Pa ” . - 
chinasorias ee Tae anoe) seem ae ghod —— 
= fal en it me Sie 
sprst 36 sasinssabhn ten, Selah xt Sits is 


i 


snamsniothiex jeaeVeleae Re: “Tackbeacen oat 


‘ 
=) 


at dew oft 3o shit notarsagmos ‘edt eg beomig od fabs 


ety 4 
taemom G8 tsete-.sds ae7iz7 Last 3959 (Dis sia 
i es 2 
sexsyengit offT “Ba Berge act sents baie ‘eit wit 
| “soll 
Gew edy tc ridtaah tia act  rSvo0 prrk ei: ers searisorotaker | 


pnfasad .soasl. 5. 3p akg fan oF Shaoetbs. hesalg ot tee 


oH 


avistsott5 att *{sh aro aqonanee? gen epessath ® 
er 


~sefa cptesh oxdore ort sibten oo semen ads 2 


jnaiaointntes” to et fassb Seotay? alfredo eits 220 D4 
are 
baBiess wet eis of paibsosos sAhapae claw spisk s 
V4 ee 
-£.8.S.1 Lott ab Hernszerg e25) (on-.anenaiy . 


1.2.5 Summary and Conclusions 

Some literature is available on aspects of the 
problems encountered in dealing with prestressed and 
reinforced concrete beams with large web - openings. 
Existing papers were briefly reviewed in the previous 
sections. From these references it can be concluded that 
the most common failure mode observed in both prestressed 
and reinforced concrete beams with web openings is the 
formation of a hinging mechanism in the struts. 
Frequently, the capacity of the specimen was reached when 
the bottom strut had failed in shear followed by a hinging 
mechanism in the top strut. Test results show that the top 
and bottom struts behave in a manner similar to the chords 
of a Vierendeel panel. 

The most important parameters affecting specimen 
behavior are location and length of the opening and shear 
reinforcement at the opening region. When the opening is 
located inside the strand embedment length, cracking 
extends toward ene support propagating along the 
prestressing strand and initiating failure by causing the 
Serand “to-‘slip. As the opening length is increased, the 
leaa-**causing ~cracking’ “at °~the” opening “decreases and 
consequently a reduction in the specimen strength occurs. 


Tie -shear “reinforcement “at “the” opening” region» has the 
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greatest effect on specimen behavior and strength since it 
is able to restrict crack propagation if properly designed. 

The only analytical model available in the literature 
is the one presented by Barney!4). The model system 
proposed behavior as an elastic frame with the predominant 
property of each strut being its flexural stiffness. The 
model is intended to provide a method for calculating 
forces in the struts. Although the method is based on the 
assumption of linear elastic material properties it is 
applied to the distribution of forces in both the elastic 
and inelastic ranges of response. 

The design procedures recommended basically involve 
the determination of shear distribution between struts at 
ultimate, reinforcement detailing at the opening region to 
avoid premature failures and calculations of shear and 
flexural Capacities of the struts. Most 


Peeenrchersn )* hee. 21) 


propose a shear distribution 
between struts at ultimate in proportion to their cross 
sectional areas. Rarney proposes a shear distribution 
dependent on the extent of cracking in the bottom strut. 
Tmeathe, bottonmstimut tis: fully acracked-other top estruthyis 
Gesaqneds;tOseacarryurthe totak,r shear. The reinforcement 
detailing at the opening region is restricted to the 


lateral reinforcement placed adjacent to the opening to 


avoid severe cracking extension. Acavalos suggests a 
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reinforcement at the corners of the opening able to resist 
two times the simple shear force and placed around the 
opening. Barney recommends an additional vertical stirrup 
reinforcement at each side of the opening to resist the 
total shear force. 

Based on the review of literature presented in this 
chapter it is concluded that some aspects of behavior and 
design of prestressed concrete beams with web openings are 
not yet totally resolved. There is a need for analytical 
models able to treat the geometric discontinuity present in 
such beams and to simulate the post-cracking behavior. It 
is felt that the proposed distributions of shear to the top 
and bottom struts may ke quite conservative and in many 
cases are not compatible with test results. Although 
proposals for additional reinforcement at the corners of 
the opening are beneficial in restricting crack 
propagation, more rational bases for designing and 
Getailinag that reinforcement are required. 

In view of the above limitations an analytical model 
including the effects of progressive cracking was developed 
and an experimental test series was conducted to provide 
data for establishing criteria for strength design of 
prestressed concrete beams with large rectangular web 


openings. 


18 


nasiesaa bible Esabizidie as abaomnons’ 
0 bbnanisale OF gaigeqo sf7 wo sie tose. 2 
Byes ri | sso70k M6 
aide of Bexrioeoxrd sieteros lt Yo weiver ef7 nO Bs 
bea tolvirtedt Yo svoeyes ome tat bobeloaoo wh 22 aedg 
ote epnineqs dew dodw ertned 6 fo tmaMo0D hesaerszestg Jo A yt 
[soieylens tot beng «& 2t exert bevioken vilsto7 - . 
ok @hegetg veIloebineo etd Sit lemesgg on9 teers ov olde * 
30. .tobvered enitosto-tace ofa staiumie od Sas enes | 
qo? a7 ct taeda Yo wrens tress EB “Secoqgorg eazy Jans sfet 
yam nt bas eve dev rean07 oviup #4 ysm ators nos s6e borne 
Teco yt A ~ettweost dass “rire sldisvemmioe Jen ‘sie 7 
SG ersaves af) Go drenstictric? Lanstribhe t0) elem 
HIGID paisolvsegz ml L@i2 tierer otA pninsqo’ 64 vet: 

Purr enlee seb "Oo? asanct Ositat say Sy Oa 10 28e 

Mextiveet e116 soestyosetaisosn seds oni? < 

isbem iastoyhens os dmokserinii avote aft Io wetv: AEs 
bsqeleveb aaw paidoaxe Ssviezseyvgorg © aiselts ef? ot : 
abivowg GO betovhno> sew esizce se0et issmentisqxs me ihe 
7a 

> upiesb fepratte wt sltesizvs pnidelideses “20% 


dew welepresset sotel dviw amast sijexsnoo “be 


Pe 


a is | ath ; a 
To : kee 2 : 7 a's | 


Figure 


Tension Member 


lt-2ni2-l pPeoOGbentsen's 


Opening. 


Idealized 


Beam 


with 


Web 


19 


et as Airey a 


ha - ‘ hy 7 Bi 
nem  \ Merwe ak 19e@ A 
yy ve mi T . 
a be 4 
oy 
SE ——— > ose = ee - 
; , 
a 
fc’ | wore nolans}lT 


Tan seen hips arcmin cating ena eames liiniet 


dew dtiw masa Gestiestt es *hebsnetal 1-2,5.7 * 2 1UP. 
.erinego 


A B: #4 
vara ge SSS 
LITT TTC h x 
bee 2D ee ee Ua ee Sasneanaeun! 


A’ B i" “- 
ete 1i/4o0c. @oc 
#6 #6 
5"! #2 
1g" a" 
5" #6 
| oF | | 9" 
Section Section Section Section 


A-A B-B A-A B-B' 


moore: 1.2.2.2 Details of Nasser, Acavalos and Daniel's 


Specimen. 


20 


s‘isined fire aelavecA  t9ee6 to alisze€ 6.5.5.2 enpet 
stombosge: | 


24. 


*ynrTeM1eM pue uebey Aq paysaL weag [Tepow Jo s{teyzeq 


> dv NOILO3S 


yoo9 sdiy 68l 
- uoIsua] D1 41U| 


(weg /z) puns p 9 


494jO CF 
PuZ 8UuO Z# - dns 


sdnais ¢# | sdnuns2# 


Bulipag 


i 


~ PudaS—a— 
dt yu09 wg ee - 


(101K 1) 


sdnasyS ydaox3 uO -Ol | 
WAS 


> 


T°e*S°T eanbty 


Sree aspek yd heteeT ssa Iebem 80 ef istsd 


22 


*ynaemiemM pue uebey Aq pejsay, weag aZTS [Ind Jo sTteyeqd 


180d ,WOIdAL S154, Waa ,dSag, Wad 
,0-V7,, NOLLOSS ') Iv NOILO3S *) iv NOILOaS 


oa —t spuds ral ins ae 


2 
Spudys 4OL2  % -z2 NOLe p % -22 
iT] 


yO-¢ nO-,b 
A\jOuipnyi6u07> 75 
sdnssySG#p 
b #2 
be - | 
Pe — 19ND Ul b- .€ do> 0-8 
SJ@284S OM] UI x Qx 
| l J884S OM] Ul W'M'M 9/01X9X2I 


wSLS3,YVN @VIS 33 JIONIS IWIN3WINadX3 ,dSG@, HYVW 100d SNIWWIMS 4O4 WV38 
Buiinag - O-, -09 | 
Wo ee 

nOFP) Ong 09°F 0.2 EE pagiO® 9.200" 


Bui08g 


suiIDeg Yjog n0-,09 
WAS 


+ 


CCl SAT Saat 


Figure 


Tike «oto 


Details 


Linder. 


of Typical 


Specimen 


Tested by 


23 


r 
ot 
* - 
a 


ane 
on 


a u 


mea 


f] 


ha 
i 


oo Es onberend ae ag ene ne . tS no Pe Se 


areca ee hes ch - ‘ np (4 Ce"? bv 
2 


mh: : apes 
§: 


| | | 7 on "Es 
yg "ie ioe "S22, 5% "s 
ee “e ELT i 


it 


. 


at" ur 


@ 


Et ~~ 


Es af 


oi vg 
bnDNne AGES. 


yd SetaeT nemlosda lesitqyt to 2listed Erbin. 
. tebratd 


Brgure 1.2.3.4 


WWF 
a ae (4x4 -10/10) 
» 4 _ 
fay 
ay 


fe 


1/2" Dia 
270k Strand 


ae 
3.75" 


Typical Beam Tested by Barney. 


24 


wit “a at ney wer Seer Seer 
“" ame OF ee ae 


ih 


Procure 1.2.3.5 


Rigid 
Abutment 


* Point of Contraflexure 


Idealized Model Proposed by Barney. 


2p 


A 4 Shin i 


’ 


Neagsd yo begaqosd fe6omM bes tiasBI 


26 


Stirrups to Flexural Steel to 
Resist 1.5 V, Resist Moment 


1.5(0:5 lo Vy) 
My Mu r Mu 
© 
O d 
Lv 
O 
Ww 
ie SI LG eras] Ob L CaM Vu 


These Stirrups to Resist 
2Vy 


Figure 1.2.4.1 Details of Requirments of a Large Web 
Opening According to New Zealand Standard 
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2. EXPERIMENTAL PROGRAM 


Zee 1 nuroduction 

The prime concern of this program was to study the 
overall behavior of prestressed concrete beams with large 
web openings. Eleven simply supported specimens containing 
rectangular openings were tested. The external dimensions 
of all specimens were the same. 

Measurements taken during each test included applied 
loads, deflections, and concrete and steel strains. 
Strains were measured either mechanically over 2 in. or 5 
in. oage lengths, or using electrical resistance strain 
gages. 

The selected parameters were: 

- the length of the opening 
= Ghecadepthnor the ntopcstuut 


- the amount and type of shear reinforcement 


2.2 Specimens 
The eleven specimens tested were simply supported on a 
Bpaneror 29ockt.irwithiefourhpointerioads locatedivas. shown tin 


mone P2952..1.. The loading system is described in Section 
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236. Overall cross-section dimensions were kept constant 
for all specimens with the size and location of web 
epenings «varying,.as, indicated..in Big.«i2.2,..2 to 2.2.6. 

The specimens were designed according to the ACI 
Building Code (218ag3 ik) for an ultimate midspan moment of 
2040 kip. in. (P = 8.8 kips) and service load moment at 
maaspan -pOf.-1L090 4kipw piteand Per= oSelarkips) « The maximum 
shear force at ultimate load was 19.6 kips. Minimum shear 
reinforcement as required by ACI Building Code (318-77) 
provided a shear capacity of 28.0 kips and was used for all 
beams except A2 and Series D where the stirrup spacing in 
the end shear span was decreased by half resulting in a 
calculated shear capacity of 32.0 kips. All openings were 
located outside the strand embedment lenath calculated 
according to provisions of the ACI Building Code (318-77) 
aon 6,+5-2in. 

Longitudinal reinforcement consisted of a combination 
of prestressing strand and mild reinforcement. 
Prestressing was provided by four 3/8 in. diameter, 250K 
Grade, seven-wire straight strands for all specimens. The 
bottom mild reinforcement consisted of four 0.44 in. 
diameter reinforcing bars. The position of these bars 
VAniedin accorndingr sto4sthesy verticat LOCaAtiOng, soOfed etne 
openings. The top longitudinal» reinforcement .was..also 


provided by four 0.44 in. diameter reinforcing bars. BBs 
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the specimens corresponding to Series C, two additional 
longitudinal W2.9 wires were located along the length of 
the opening to hold the stirrups in place. 

Web shear reinforcement was provided by double-legged 
stirrups set vertically and bent from W2.9 wires. 
Additional 0.44 in. diameter inclined reinforcing bars were 
placed adjacent to the tension corners of the openings in 
the specimens corresponding to Series D. Figures 2.2.4, 
2.2.5 and 2.2.6 show the reinforcement details of specimens 
bi Chie and D2 Appendix A contains the reinforcement 
Getails for all other specimens. 

To study the effect of parameters listed in Section 
2.1, the specimens were divided into four series. Series A 
consisted of two beams without openings. Series B, C and D 
consisted of beams, each with two openings’ placed 
symmetrically about the midspan with the distance from the 
support to the center of the opening constant at 8.7 ft. 

Specimens in Series A were control beams, tested to 
provide a standard with which to compare the results from 
beams with openings. BEAM Al contained double the minimum 
shear reinforcement in the end shear span. 

Series B, C and D each consisted of three beams with 
Speningrilensths ofeS6van., MOrinsptands 240n comin GeriesrB 
and D the openings were located immediately below the 
flange. In Series C the openings were located 4 in. below 


the flange so that the top strut consisted of a T-section. 


zo 


tigate marcel ro kebivore daw 
eit CSW OTR shed Bos “YEe 
etsy arsed oan batotniee: cote yet bb,O . 
dh seatoago sti 30 stead Holtened ac oy sitioakia 
ei85S dervepdd <0) ee edee, OF paesinoqeeyre> anand >a 
anemissqe Fo eftesgs sama te Lit ‘ete ode 8. bahia bas @ 
tmeMsorta fey ort enkisdntas fs st bemqaph <a hop Be 
| Basmiosge reitte The at ort 

Gotveee at berakl aesemsteg Jo" Yostte sy youss one 
A @3:948 .coltsa wok coat BebIers evew enemEseqe edF |Z de 
@ Gas D> 4b eSixee vanlegs tuciets ie enéed Suwa TS bese 
Resetq  eontesqa rd dttw +85 lene ~ Se” Try 


edt owt eonezertd as ttiw negabin ere 390d6 yilsoizzen ive 
Jt TL9 ts che dalos emiasdo ont Ih xetnes éde oF Froggy 

oF Berads amped [oxdpoo stow A asite? wk etismisege 
moet etfbdsy Shs aipatno of iPetw ooo husbaste 6 96 a 
mmiaim ety gitvob ferkdtqoo [A MASR .eeniasge “TF Ew 
ieaqa «teenie Sue offs meE er ro 169 | 

ditw ensed s9ti? 90 Pedeiation tous ¢ sas > Ye eelaeeenele 
S asiver at <ot BS Bas ..nd O8 ..08 QE Fe eAiepnel ‘ r 
sit woled ywhedhibeumi besagol evsw spddnego att 
woted .mi > er Te ee ors ® aeizer at 
nattose-T 6 to bs¥ekenos 4uxse got emt set? On | 


™ a 7 
Ligne ih 
i 


-* ae 
ee a ty 


Specimens in Series D were provided with diagonal web 
reinforcing bars adjacent to the openings as well as double 
the minimum shear reinforcement required in the end shear 
span. 

Details of the specimens tested are summarized in 


manpie 2.2.1. 


2.3 Materials 

The concrete mix was designed to produce a 15 day 
evrroaer ‘strength of about 6.0 ksi. High Early Strength 
Type 30 Portland Cement and normal weight river washed 
aggregate were used. The maximum coarse aggregate size was 
3/8 in. and the fineness modulus of the sand was 2.75. The 
water-cement ratio was 0.4. Superplasticizer Pozzolith 


400-N was used to provide adequate workability of the 


concrete mix. The proportions used were as follows: 
Cement ZE0R LD 
Sand 322) LD 
Coarse aggregate 329° ib 
Water U2 
Superplasticizer 796 mL 


For each specimen, four batches of concrete were 
Bemiired. — Two Olin. bY 12in. cylinders were cast. for each 


batch and subjected to the same curing as the specimens. 
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The properties of concrete were determined from 
compressive and splitting tensile tests on those 
cylinders. The modulus of elasticity for each specimen was 
the secant modulus of elasticity at 0.4 £4, found from the 
the load-deformation curve. All measured concrete 
properties are presented in Table 2.3.1. 

The prestressing reinforcement used in all specimens 
was four 3/8 in., 250 K Grade, seven-wire prestressing 
strands which were continuous throughout the beam. Three 
physical tests in the strand indicated an average strength 
of 276.0 ksi and a modulus of elasticity of 28,900 ksi. 
The stress-strain diagram reduced from load-strain curve 
obtained directly from test machine is presented in Fig. 
ies ke 

The longitudinal reinforcement in all specimens and 
the inclined reinforcing bars, when provided at the tension 
corners of the openings, were 0.44 in. in diameter. The 
average yield stress determined for three epee hemes 
70.7 ksi and the modulus of elasticity was 31,000 ksi. The 
stress-strain diagram for a 0.44 in. diameter reinforcing 
bar is shown in Fig. 2.3.2. 

Minimum web shear reinforcement as specified by the 
ACI Building Code was provided by double-legged stirrups 
bent from W2.9 wires. The average yield stress determined 


for three specimens was 81.0 ksi and the modulus of 
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elasticity was 30,000 ksi. The stress-strain diagram for 


W2e2ewire)ispshown ino.Fig...2.3.3. 


2.4 Construction 

Fabrication of the test specimens was carried out in 
the I.F. Morrison Structural Engineering Laboratory of the 
University of Alberta. 

Once the stirrups had been set in place on the 
prestressing bed, the prestressing strands were threaded 
and prestressed to 186 ksi. The force in each strand was 
monitored by load cells at the fixed end. Next, the 
reinforcement cage was completed. 

The openings were formed by styrofoam blocks cut to 
the shape of web openings and attached to the form at the 
required location. To avoid flaws in the concrete in the 
vicinity of the openings, holes were made vertically in the 
styrofoam blocks to allow the air to escape. High early 


strength concrete mixed in the laboratory batch plant was 


used. Twenty-four hours after casting, the form was 
removed and the cylinder moulds were stripped. All the 
specimens and cylinders were cured the same way. A moist 


burlap was wrapped around the specimens and the 
cylinders. Large pieces of waterproof plastic sheets were 


used to cover the specimens to keep the atmosphere inside 
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the plastic cover moist. Regular wetting was needed to 
prevent the burlap from drying. 

The prestressing strands were cut after five days of 
moist curing. Prior to cutting, demec gage points were 
attached to the concrete web and flange at midspan. Data 
recorded at these points were used to determine prestress 
losses, ranging from 10.45 ksi to 10.52 ksi with a mean 


value of 10.5 ksi. 


2.5 Instrumentation 

The specimens were instrumented to obtain data 
throughout the complete range of loading. A 20 kips 
capacity load cell was used to monitor loads applied 
through four 15 kips capacity hydraulic jacks. 

Electrical resistance strain gages were mounted and 
waterproofed on the mild longitudinal reinforcement at the 
bottom and top struts and also at the midspan. Beek Bat 
specimens containing openings, one of the openings was 
instrumented with electrical resistance strain gages at 
locations shown in Fig. 2.5.1. 

The web shear reinforcement and concrete strains were 
measured using 5 in. and 2 in. demec gages (demountable 
mechanical extensometers). Before the specimens were cast, 


Mez> in. rods were brazed 5 in. or 2 in. apart along the 
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stirrups in the region of the opening. Rubber hoses were 
then sleeved onto those rods. After the specimen was cast 
and the concrete hardened, the rubber hoses were removed. 
Demec points were then attached to the tip of each rod. 
Figure 2.5.2 shows the demec point locations on the 
stirrups for a typical specimen. 

To determine the distribution of forces in the top 
strut, demec points were also attached to its upper and 
lower surfaces. The number of demec points at the top 
strut depended on the length of the opening. Figure 2.5.3 
shows the demec point locations at the top strut for BEAM 
D2. 

Data to determine the prestress losses were obtained 
from demec points attached to the web and flange at 
midspan. Deflections were measured using LVDT (linear 
variable-differential transformers) placed beneath’ the 
openings and at midspan of the specimen. Figure 2.5.4 
shows the LVDT locations for BEAM D3. . 

The data acquisition Nova 2 mini computer was used to 
record data for all specimens. Appendix B contains the 
strain-gage locations and locations of demec points in 


Stirrups and top strut for all specimens. 
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2.6 Test Setup and Test Procedure 

The specimens were tested in the load frame shown in 
Fig. 2.6.1. Lateral braces were provided to prevent the 
specimens from deflecting laterally during loading. The 
specimen supports were hinged to permit rotation. One of 
the supports was fixed longitudinally and the other was 
mounted on rollers to permit simple beam action. The 
simple support roller system rested on concrete 
pedestals. Prior to loading, level readings were taken at 
the supports and at mid-span to determine the camber due to 
prestress. 

A four-point loading system was used for all 
specimens. The loads were applied by hydraulic jacks 
positioned at intervals of 69.6 in. along the span. Load 
was applied to the specimens in increments, with 
approximately 24 load steps until failure, to facilitate 
data recording and accurate observation of the behavior of 
the specimen. During each increment, the load was Ft Gad 
constant while cracks were marked, and loads, displacements 
and strains were measured and recorded. The L.V.D.T. at 
midspan and a load-cell monitoring the load were connected 
to the H.P. 2FA X-Y plotter to provide a continuous load- 
deflection curve. Each specimen was tested to failure. 


Photographs were taken after failure. 
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Table 2.3.1 Measured Concrete Properties. 


; ; 
Specimen £4, (ksi) 


Mean Value 


Al 


A2 


Bl 


B2 


B3 


ei 


C2 


C3 


D1 


D2 


D3 


(1 


le (xsi) (2) £2 (ksi) (?) E, (ksi) {?) 


3354 
3660 
3672 
3425 
3287 
3186 
3447 
3459 
3441 
3412 


Soom 


3495 


Coefficient 


of Varzsation 6% 5% 


Note: 


| see | er | oa 
Standard 
Deviation ieee 0.36 0.02 154 
Ei r 


(1) Reported values represent the average of 2 tests. 


(2) Reported values represent the average of 3 tests. 
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Figure 2.22 32 Typical Concrete Cross-Section - Series B 


and Series D. 
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Typical Concrete Cross-Section - Series C. 
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Figure 2.2.4 Reinforcement Details - BEAM Bl. 
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Fagure 2.2.5 Reinforcement Details - BEAM Cl. 
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Pagure.2./2.6 Reinforcement Details - BEAM D2. 
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Figure 2.3.2 
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Bigure 2.5.1 


56 x 8 in. Opening 


Strain-Gage Locations - BEAM Bl. 
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Bigure 2.5.2 


Demec Points on Stirrups - BEAM C2. 
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Plan view 
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Beam elevation 


Pagure 2.5.3 Demec Points on Top Strut - BEAM B2 and 


BEAM D2. 
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Figure 2.5.4 


Midspan 


L.V.D.T. Locations - BEAM B3 and BEAM D3. 
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3.1 Principal Test Results 

Principal test results presented in Table 3.1.1 
Eons st »Ofsiloads at. first.icracking,,, Locations: of first 
cracking, ratios of maximum load carried by the specimen to 
calculated ultimate load, failure loads, and types of 
failure. 

The cracking load was the load under which cracks 
became visible to the naked eye or began to elongate from 
cracks due to concrete shrinkage. Locations of the most 
common observed cracks at the opening in tested specimens 
are shown in Fig. 3.1.1. The failure load was the maximum 
load per jack carried by the specimen. Failure was reached 
when the specimen was not able to carry any additional 
load. Failure modes observed in this test program were 
flexural, shear, and strut hinging mechanism. 

The following sections, present for each beam series, 
the most significant test results to illustrate the 
behavior of the specimens. These results consist of crack 
pattern of the specimen, photographs of the specimen at 
failure and the load-deflection curve at midspan. Complete 


additional data for each specimen are present in Appendix 
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C. These data involve load vs. forces in the stirrups at 
the opening, load vs. strains in the mild longitudinal 
reinforcement and load-deflection curves at the corners of 
the opening. The analysis of measured strains in the top 
strut for determination of axial force and portion of shear 


carried by the top strut is presented in Section 3.3. 


3.2 Specimen Behavior 


Se2.1. “Series ’A 

Series A consisted of two beams Al and A2. These 
beams were control beams, without openings, tested to 
provide a standard with which to compare the results of 
beams with openings. The only difference between the two 
beams was that stirrup spacing for BEAM A2 was one half of 
that for BEAM Al in the region between the support and 
first load position. 

Figure 3.2.1.1 shows the crack pattern of BEAM Al at 
failure. The first crack was observed at midspan region 
under 3.6 kips which corresponded to 30% of the failure 
load. At 6.0 kips flexural cracks that had formed in the 
shear span between the support and first loading position, 
developed into inclined cracks. As load increased, new 
inclined cracks extended into the flange. Near failure 


these cracks penetrated into the flange, causing web-flange 
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separation. The cracks also extended toward the support 
causing loss of bond between longitudinal reinforcement and 
concrete. As the load increased to 10.93 kips the specimen 
failed by loss of shear capacity. Figure 3.2.1.2 shows a 
photograph of BEAM Al after unloading. 

The load-deflection curve at midspan is shown in Fig. 
Be2einss The curve is essentially a straight line up to 
3.25 kips which corresponds to the start of cracking. The 
cracking load observed during test is indicated on the 
load-deflection curve. Beyond cracking, as the tension is 
lost by the concrete a rapid change of slope in the load- 
deflection curve is observed. A maximum midspan deflection 
of 8.30 in. was recorded at failure. The load-deflection 
curves for all specimens were determined by connecting 
experimental points. For’ Clarity “of; the’ plots, those 
points are explicitly shown only on the load-deflection 
curve for BEAM Al. 

BEAM A2 was designed to reach its flexural capacity 
before failing in shear. The web shear reinforcement was 
double the amount provided in BEAM Al in the shear span 
between the support and first loading position. 

Figure 3.2.1.4 shows the crack pattern of BEAM A2. 
Flexural cracks were first observed at midspan at a load of 
4.0 kips corresponding to 28% of the failure load. Within 


the shear span between the support and second loading 
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position the flexural cracks developed into inclined cracks 
at 6.8 kips. 

At the end of the test, flexural cracks were wide and 
had penetrated into the flange. The longitudinal 
reinforcement at midspan yielded. At 11.22 kips the beam 
reached its flexural capacity at midspan. 

Figure 3.2.1.5 shows a photograph of BEAM A2 after 
unloading. The load-deflection curve at midspan is shown 
Pier Gt €3NZ31. 6% The initial behavior of the beam was 
BiNEaAoM up Sto. 3/6.-kipss The loads under which first 
cracking and yielding of mild longitudinal reinforcement 
were detected durino testing are indicated on the load- 
deflection curve. A maximum midspan deflection of 9.53 in. 


was observed at failure. 


302 .20°¢Serres 8 

Test Series B included BEAMS Bl, B2 and B3. These 
beams contained openings below the flange and placed 
symmetrically about midspan with the distance from the 
supports to the center of the openings being 104.4 in. The 
only difference between the three beams was the length of 
the openings. Rencths* of" 56"in PP "40 ins *‘and’*24 mn- were 
provided in BEAMS Bl, B2 and B3 respectively. The web 
shear reinforcement was similar to BEAM Al and _ the 


longitudinal reinforcement was similar to BEAM A2. 
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BEAM Bl was tested with 56 x 8 in. openings. The 
presence of the openings considerably affected the behavior 
of the specimen. 

The crack pattern of BEAM Bl at failure is shown in 
[ESL (CF Ee BARE PA Nae The first crack occurred at the lower 
tension corner of the opening as an elongation from a 
shrinkage crack. Ties, Cracking ~ load) was 342, “kips 
corresponding to 29% of the failure load. At this same 
load, flexural cracks formed at the bottom strut and at the 
midspan region. With a small increase of loading, cracking 
occurred at the web-flange junction in the upper tension 
corner of the opening. 

Prior to reaching 5.54 kips corresponding to the 
service load level this crack extended and flexural cracks 
formed at the flange in the same region. Pte eS a2) Kips 
inclined cracks formed close to the edge of the opening at 
the support side. As load increased new inclined cracks 
occurred at the shear span between the support and first 
loading position. However they did not penetrate into the 
flange nor did they extend toward the support. 

Beyond the service load level the stirrup adjacent to 
the lower tension corner of the opening yielded. The mild 
longitudinal reinforcement below the opening and at midspan 
yielded. Yielding was detected from strain gage 


readings. As the load increased beyond 9.0 kips the cracks 
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at the lower and upper tension corner of the opening 
widened significantly. Near failure the longitudinal 
reinforcement at the top strut yielded. Failure occurred 
at 11.03 kips when a hinging mechanism formed in the top 
strut and the specimen was not able to carry any additional 
load. Figure 3.2.2.2 shows a photograph of BEAM Bl after 
unloading. 

The load-deflection curve at midspan is shown in Fig. 
3.2.2.3. As can be observed BEAM Bl behaved elastically up 
€5,'°3.0° Kips. The change of slope in the load-deflection 
curve reflects the formation of a crack at the lower 
tension corner of the opening at 3.2 kips. The loads under 
which the mild longitudinal reinforcement and the stirrup 
adjacent to the opening yielded are indicated on the load- 
deflection curve. At failure a maximum midspan deflection 
of 9.95 in. was recorded. 

Figure 3.2.2.4 shows the axial force in the top strut 
determined from strain measurements on the top strut. 
Figure 3.2.2.5 shows the shear force carried by the top 
strut versus the total shear force at the opening. Near 
fariure, the top strut carried 58% of the total shear. The 
procedure for calculating axial force and shear in the top 
strut from strain readings is described in Section 3.3. 

BEAM B2 was provided with 40 x 8 in. openings. The 


Crack pattern of BEAM B2 is shown in Fig. 3.2.2.6. The 
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first cracks to be formed were the inclined crack at the 
lower tension corner of the opening and a flexural crack at 
the bottom strut. They formed simultaneously at 2.8 kips 
corresponding to 24% of the failure load. At 3276 *kips 
flexural cracks were detected at the midspan region. At 
4.4 kips cracking occurred at the web-flange junction in 
the upper tension corner of the opening. Simultaneously an 
inclined crack formed near the edge of the opening at the 
support side. 

Below 5.78 kips corresponding to the service load 
level, flexural cracks that had formed at the bottom strut 
developed into inclined cracks. With increments’ of 
loading, inclined cracks occurred at the shear span between 
the support and first loading position. 

Beyond the service load level the crack at the web- 
flange junction at the upper tension corner of the opening 
widened considerably. Flexural cracks formed at the flange 
mnieetchat “region . At. 592 cf failure “load; abl?’ stirrups ain 
the bottom strut and adjacent to the opening yielded, 
except the stirrup at the lower tension corner of the 
opening. Near failure the mild longitudinal reinforcement 
below the lower tension corner of the opening and at 
midspan yielded. An Sinelined®= crack at ~the*"shear span 
between the support and first loading position widened 


Significantly, penetrating into the flange. Failure was 
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initiated by loss of shear capacity in that shear span. 
The failure load was 11.4 kips. Figure 3.2.2.7 shows a 
photograph of BEAM B2 after unloading. 

The load-deflection curve at midspan is shown in Fig. 
SeeseTs . Formation of first cracking in BEAM B2 is shown 
on the load-deflection curve by the change of slope at 2.81 
kips. First cracking detected during testing is indicated 
on the load-deflection curve. The loads under which the 
stirrup adjacent to the opening and the mild reinforcement 
below the tension corner of the opening yielded are shown 
on the load-deflection diagram. At failure a midspan 
deflection of 10.25 in. was recorded. 

The relationship between the axial force in the top 
strut tand the appliedtioad is’ presented fin Figs: 3.2.2.9. 
Figure 3.2.2.10 shows the relationship of shear force 
Garprred Sby kthe ttop Cstrut #ttol thepptotalneshearsoater the 
opening. Near failure, the top stent carried 58% of the 
total shear. 

BEAM B3 contained 24 x 8 in. openings. Figure 
3.2.2.11 shows the crack pattern of BEAM B3 at failure. An 
inclined crack at the lower tension corner of the opening 
and flexural cracks at the bottom strut were the first to 
be formed. The cracking load was 3.2 kips corresponding to 
28% of the failure load. As load increased to 3.6 kips the 


flexural cracks that had formed at the middle of the bottom 
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strut extended through its full depth. At 4.0 kips the 
inclined crack formed at the lower tension corner of the 
opening elongated substantially toward the bottom of the 
specimen. Flexural cracks occurred in the midspan 
region. As load increased to 5.6 kips inclined cracks 
occurred simultaneously close to the edges of the opening. 

PrLOr S*toorreaching 9'5:/79-“4kips?: corresponding *ter*theée 
service load, the inclined cracks extended and penetrated 
into the flange. The flexural cracks at the shear span 
between the support and the opening developed into inclined 
cracks. Cracking occurred at the web-flange junction in 
the upper tension corner of the opening. 

Beyond the service load level inclined cracks formed 
at the shear span between the support and first loading 
position penetrated into the flange. As the load increased 
beyond 9.5 kips the crack at the upper tension corner of 
the opening widened significantly and propagated into the 
flange. The (crack «at the lower tension corner (of the 
opening and flexural cracks at midspan were wide. The 
stirrup adjacent to the lower tension corner of the opening 
and the mild longitudinal reinforcement below the opening 
yielded. Prior to failure some inclined cracks that had 
formed in the shear span between the support and first 
loading position widened considerably and elongated toward 


the support causing loss of shear capacity at 11.45 kips. 
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Figure 3.2.2.12 shows a photograph of BEAM B3 after 
unloading. 

Figure 3.2.2.13 shows the load-deflection curve at 
midspan. Up to..38lO akips ther curvenis.idlinear indicating 
elastic behavior of the specimen. The, ,cracking -10ad 
recorded during testing is indicated on the load-deflection 
Curve corresponding approximately to the change of slope in 
the curve. The loads corresponding to yielding of the 
stirrup adjacent»,.to, the opening .and yielding. of,..mild 
longitudinal reinforcement below the opening are shown on 
the load deflection curve. A maximum midspan deflection of 
10.33 in. was observed at failure. 

Figure 3.2.2.14 shows the experimentally determined 
values of the axial force acting in the top strut. The 
shear force carried by the top strut compared with the 
total shear force at the opening is presented in Fig. 
Beers tis )l © « The, top ..strut,..carried,,.65%..of. thes.total -shear., 


near failure. 


Mest Series. C consisted.of. BEAMS Cl..C2.and:C3.., These 
beams were similar to Series B, except that they were 
provided with openings located 4 in. below the flange. The 


web shear reinforcement and longitudinal reinforcement were 
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similar to BEAM Al. Since the openings were placed 4 in. 


below the flange, shear reinforcement was provided in the 


top. strut. 
BEAM Cl contained 56 x 8 in. openings. The crack 
petterntiof BEAMiiC] asd shownthin Figs53.2.3«8. Thes fixst 


cracks formed simultaneously at the lower tension corner 
and at the upper tension corner of the opening. The 
cracking load was 1.6 kips corresponding to 16% of the 
failure load. Beyond 1.6 kips both cracks elongated, 
particularly the one at the upper tension corner of the 
opening that extended along the web-flange junction. At 
2.4 kips flexural cracks formed at the bottom strut. At 
4.0 kips flexural cracks occurred at the midspan region but 
did not elongate significantly. 

Below 4.93 kips corresponding to the service load 
level the crack at the lower tension corner of the opening 
widened considerably. New flexural cracks formed at the 
bottom strut and extended to its full depth. At 4.8 kips 
an inclined crack occurred close to the edge of the opening 
at the support side. As load increased, inclined cracks 
formed at the shear span between the support and first 
Cracking position, but did not extend into the flange. 

Beyond the service load level the crack at the upper 
tension corner of the opening penetrated into the flange 


Causing web-flange separation. Many flexural cracks 
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Occurred. at the “flange in’ that “region. At 9.2 kips 
inclined cracks that had formed at the shear span between 
the support and first loading position, extended toward the 
support. Near failure the mild longitudinal reinforcement 
below the opening and at the midspan, and the _ stirrup 
adjacent to the lower tension corner of the opening 
yielded. The inclined crack that had elongated toward the 
upper compression corner of the opening opened up 
appreciably. Failure took place at 10.0 kips caused by 
loss of shear capacity in that region. A photograph of 
BEAM Cl after unloading is shown in Fig. 3.2.3.2. 

Figure 3.2.3.3 shows the load-deflection curve at 
right corner of the opening. Cracking is evident at 2.50 
kips as shown by the linear portion of the load-deflection 
curve. The loads under which the mild longitudinal 
reinforcement below the opening and the stirrup adjacent to 
the opening yielded are specified on the load-deflection 
curve. A maximum midspan deflection of 5.88 in. was 
detected at failure. 

Axial force in the top strut, determined from test 
date is presented in Fig. 3.2.3.4. Figure 3.2.3.5 shows 
the shear force carried by the top strut as determined from 
test data versus total shear at the opening. Near failure, 


mie top strut Carried 63% of tthe total shear. 
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BEAM C2 was tested with 40 x 8 in. openings. The 
Breck pattern Of BEAM C2 is (shown, in bid, o¢2.3.6.. At 2.0 
PrpseuCOrresponding.. to’ . 193%. of the. failure . load’ first 
cracking was observed at the lower anc upper tension 
corners of the opening and at the bottom strut. As load 
increased to 3.2 kips new flexural cracks formed at the 
bottom strut and extended through its full depth. At 3.6 
kips the crack at the upper tension corner of the opening 
elongated toward the flange and extended along the web- 
flange, junction. At 4.0 kips various flexural cracks 
occurred at the midspan region. Inclined cracks formed 
close to the edge of the opening at the support side. 

Below 5.27 kips corresponding to the service load 
level inclined cracks occurred at the shear span between 
Gene support and first loading, position, but, only a few 
elongated toward the flange. 

Beyond the service load level the crack at the upper 
tension corner of the opening penetrated into the flange 
and web-flange separation was initiated. The stirrup 
adjacent to the opening and located at the upper tension 
corner region yielded. The mild longitudinal reinforcement 
at the bottom strut and at midspan yielded. Near failure 
the inclined cracks at the shear span between the support 
and first loading position, that had extended toward the 


upper compression corner of the opening, widened 
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considerably. Concrete crushing was observed near the 
upper compression corner of the opening. Failure was 
precipitated when the inclined cracks extended to the 
support causing loss of bond between concrete and 
longitudinal reinforcement. The failure load was 10.57 
kips. Figure 3.2.3.7 shows a photograph of BEAM C2 after 
unloading. 

The load-deflection curve at the right corner of the 
opening is shown in Fig. 3.2.3.8. As shown by the load- 
deflection curve, cracking occurred at 1.75 kips although 
during testing it was detected at 2.0 kips. The loads 
corresponding to yielding of the stirrup adjacent to the 
opening and yielding of mild longitudinal reinforcement 
below the opening are indicated on the load-deflection 
Curve. The maximum midspan deflection observed at failure 
was 6.48 in. 

Figure 3.2.3.9 shows the axial force in the top strut 
determined from strain measurements on the top strut. The 
shear force carried by the top strut versus the total shear 
at the opening is presented in Fig. 3.2.3.10. Eighty-one 
percent of the total shear force was carried by the top 
strut, near failure. 

BEAM C3 contained 24 x 8 in. openings. Figure 
SeesSGrdincshows the crack pattern of BEAM C3 at failure. 


The, first crack formed at the upper tension corner of the 
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opening at 1.6 kips corresponding to 15% of the failure 
load. At 2.4 kips this crack elongated vertically and a 
Crack kioccurredinvatiatthe mlowen tension o’corhers of ‘the 
opening. As load increased to 3.2 kips a flexural crack 
formed at the middle section of the bottom strut and 
extended into its full depth. At 4.0 kips corresponding to 
38% of the failure load several flexural cracks formed at 
the midspan region. The crack at the upper tension corner 
of the opening elongated toward the flange and extended 
alona the web-flange junction. As load increased, flexural 
cracks were detected at the bottom strut and at the midspan 
reaion. At 5.6 kips an inclined crack occurred close to 
the edge of the opening at the support side. Flexural 
cracks formed at the shear span between the support and 
firvet loading position. 

Beyond the service load level, a few inclined cracks 
that had formed at the shear span between the support and 
first loading position extended into the flange. The mild 


reinforcement at the midspan and below the opening 


yielded. Near failure these inclined cracks were 
noticeably widened. As the shear capacity of that region 
was reached failure occurred. The failure load was 10.5 


hips.eseri gure i302 22. 12 ashiowSs Gagphotograph of: BEAMr C3, after 


unloading. 
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The load-deflection curve at the right corner of the 
opening is shown in Fig. 3.2.3.13. Cracking occurred at 
2.25 kips as indicated by the change of slope of the 
curve. Cracking was first observed during the test at 2.4 
kips. Yielding of the mild longitudinal reinforcement at 
midspan took place at 8.8 kips as shown on the _ load- 
deflection curve. At failure a maximum midspan deflection 
of 5.56 in. was recorded. 

The axial force in the top strut versus the applied 
Woad**is9°sfrown in Fig. 3.2.3.14. The values of the 
experimentally determined shear force carried by the top 
strut versus the total shear force at the opening is 
presented in Fig. 3.2.3.15. The top strut carried 82% of 


"the total "shear," near failure. 


3.2.4 Series D 


Test Series D included BEAMS Dl, D2 and D3. These 
beams were provided with openings having the - same 
Gimensions and location of Series B. The web. shear 
reinforcement at the shear span between the support and 
Etret*hloading position was's ‘simplar » to’? BEAM AZ. As 
eisecussed in Chapter 2) additional “inclined bars: were placed 
close to the tension corners of the openings to minimize 


crack propagation and web-flange separation. 
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BEAM Dl was provided with 56 x 8 in. openings. Figure 
3.2.4.1 shows the crack pattern of BEAM Dl at failure. The 
first crack occurred at the lower tension corner of the 
opening as an elongation from a shrinkage crack. The 
cracking load was 3.2 kips corresponding to 31% of the 
failure load. As load increased to 4.0 kips flexural 
cracks were observed at the bottom strut and at the midspan 
region. At 4.8 kips cracking occurred at the web-flange 
junction in the upper tension corner of the opening but did 
not elongate. 

Prior to reaching 5.18 kips corresponding to the 
service load level, flexural cracks were observed at the 
flange close to the upper tension corner of the opening. 
An inclined crack occurred near both edges of the 
opening. Flexural cracks that had formed at the shear span 
between the support and first loading position developed 
into inclined cracks. 

Beyond the service load level, inclined cracks were 
observed at the bottom strut. The cracks at the lower and 
upper tension corners of the opening were well contained. 
Atehorizontal,crackfiformed imrathe flange near+*)the bupper 
tension corner of the opening. Atnoo .2okipssethe oflexural 
cracks at the midspan region were quite wide. The mild 
longitudinal reinforcement below the opening and at the 


midspan region yielded. At 10.4 kips the beam failed in 
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flexure at midspan. Figure 3.2.4.2 shows a photograph of 
BEAM Dl after unloading. 

The load-deflection curve at midspan is shown in Fig. 
3.2.4.3. Close to 3.2 kips when the first crack formed at 
the lower tension corner of the opening the slope of the 
load-deflection curve changes. This change of slope 
corresponds to 2006 ackips. The mild longitudinal 
reinforcement below the opening and at midspan yielded at 
8.47 kips and 7.96 kips respectively as indicated on the 
load-deflection curve. At failure, a maximum midspan 
deflection of 8.60 in. was recorded. 

Axial force in the top strut determined from test data 
is presented in Fig. 3.2.4.4. Figure 3.2.4.5 shows the 
shear force carried by the top strut as determined from 
test data. Near failure, the top strut carried 60% of the 
total shear. 

BEAM D2 was tested with 40 x 8 in. openings. Figure 
Site 4 oO shows: .the...crack..-pattern.,of1BEAM sD2.-at’ failure. 
Initial cracking occurred at the lower tension corner of 
the opening as an extension of a = shrinkage crack. 
Simultaneously a flexural crack formed at the bottom 
strut. The cracking load was 3.2 kips corresponding to 30% 
ef. the..failure.»-<load. At 4.0 kips flexural cracks were 
observed at the midsnan region and at the bottom strut. As 


load increased to 4.4 kips, cracking took place at the web- 
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flange junction in the upper tension corner of the 
opening. At 6.0 kips, flexural cracks that had formed 
close to the edge of the opening at the support side 
developed into inclined cracks. Flexural cracks at the 
midspan region elongated toward the flange. 

Below 5.23 kips corresponding to the service load 
level, flexural cracks developed in the flange at the upper 
tension corner region of the opening. An inclined crack 
developed from the lower compression corner of the opening 
to the flange. 

At 8.8 kips inclined cracks occurred at the bottom 
strut. Flexural cracks that had formed at the shear span 
between the support and first loading position developed 
into inclined cracks and reached the flange. Near failure, 


a horizontal crack formed at the flange close to the upper 


tension corner of the opening. Fire #imita- = longitudinal 
reinforcement below the opening yielded. The flexural 
cracks at the midspan were noticeably widened. Failure 


occurred at 10.5 kips when the flexural capacity was 
reached at midspan. Figure 3.2.4.7 shows a photograph of 
BEAM D2 after unloading. 

The load-deflection curve is shown in Fig. 3.2.4.8. 
Gracking'7is indicated bya change'-of slope “in the “load= 
defection: “curve” at® 23172°°*kips. Yielding’? of +m: Td 


longitudinal reinforcement below the opening is also shown 
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on the diagram. A maximum midspan deflection of 9.55 in. 
was detected at failure. 

Figure 3.2.4.9 shows the axial force in the top strut 
versus the applied load. The values of the shear force 
carried by the top strut as determined from test data are 
presented in Fig. 3.2.4.10. Of the total shear, 64% was 
carried by the top strut near failure. 

BEAM D3 was provided with 24 x 8 in. openings. Figure 
3.2.4.11 shows the crack pattern at failure. The first 
cracks formed at lower tension corner of the opening and at 
the bottom strut. mhne cracking load was 3.6 “kips 
corresponding to 33% of the failure load. At 4.4 kips 
flexural cracks occurred at the midspan region and a 
flexural crack formed at the middle of the bottom strut, 
penetrating its full depth. 

At 5.40 kips corresponding to the service load level, 
inclined cracks developed close to both edges of the 
opening. Flexural cracks that had formed in the bottom 
strut developed into inclined cracks. 

Beyond the service load level, cracking occurred at 
the upper tension corner of the opening but did not 
elongate significantly. Flexural cracks were observed at 
the flange in that region. Inclined cracks formed at the 
shear span between the support and first loading position 


and extended toward the flange. Near failure, cracks at 
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midspan widened substantially and extended into the 
flange. The mild longitudinal reinforcement at midspan and 
below the opening yielded. At 10.8 kips, failure occurred 
by. +OSs.,0f ,flexural Capacity#@at midspan. Figure: 3.2.4.12 
shows a photograph of BEAM D3 after unloading. 

the lJo0ad—cet lection. Curve (is (saown’ in Fig. (3.2.4.13. 
Cracking is evident at 3.37 kips as shown by the change of 
slope in the load-deflection curve. The load under which 
the mild longitudinal reinforcement at midspan yielded is 
specified on the diagram. At failure a midspan deflection 
of 7.42 in. was recorded. 

The relationship between the axial force in the top 
Strut and the applied load is shown in Fig. 3.2.4.14. 
Figure 3.4.2.15 shows the relationship of shear force 
Carried by the top strut to the total shear at the 
opening. Near failure, the top strut carried 41% of the 


total shear. 


3.3 Shears in Top and Bottom Struts. 

The top strut of all specimens contained demec points 
cemented on the upper and lower surfaces, as shown in Fig. 
Seow tO provide information ‘on the strains at specific 
cross-sections. These measured strains were used to 


Calculate axial] and shear forces in the struts. 
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The values of the aveage strain at the top and bottom 


fibers at each load step, were determined from: 


2 
(Sei ne (5.05 (37) 
Ss, )o = : Com) (3225 
(Si)5 an 55) i, : 
where, 
i = section number 
j} = number of demec points across the surface 
n = load step 
(Si)? = average top fiber strain in section i of the 
top strut at load step n. 
(S,)? = average bottom fiber strain in section i of the 
top strut at load step n. 
(s.)75 = “top fiber strain in section i’‘at point j of 
the “top “Strut “at “load*step n. = 
(sy )7, 5 = bottom fiber strain in section i at point j 


of the ton strut at load step n. 


Once the values of the average strains at each section 
were determined, they were related to section and material 
properties to obtain the axial force and moment. Normal 
stresses in the concrete were assumed to be uniformly 


Gistributed across the cross-section and were determined 
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from the stress-strain curve for concrete. By integrating 
normal compressive stresses alona the cross-section, the 
axial compressive force at that particular cross-section 
was determined. The axial compressive force at load step n 


was determined from: 


” n 
oe aa ae (2.3) 
m 
where, 

Cc. = average axial compressive force in the top strut 
at load step n. 

cP = axial compressive force in the top strut in 
section i at load step n. 

m = number of cross sections considered. 


By integrating normal tensile stresses along the cross- 
section, the axial tensile force in the uncracked top strut 
was determined. After cracking of the top strut, the axial 
tensile force was assumed equal to the force in the 
steel. The moment was then calculated based on equilibrium 
conditions for each section. Values of shear force in the 


strut were determined by the following expression: 


Were — ee 3,4) 
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where, 
Vitk = shear force calculated from moments acting at 
sections i and k in the top strut at load step n. 
MD = moment at section i at load step n. 
My; = moment at section k at load step n. 
Xilx = distance between sections i and k. 


The value of the shear force in the top strut at load step 
n was determined from average values of all possible 


combinations of v2 x: Thus, 
e 


m m 4 
= 2 V; k 
yn be i=l Keats (3.5) 
xr (m-r) 
r=1 
where, 
v" = average shear force in the top strut at load step 


n. 
m = number of cross-sections considered. 


= shear force in the top strut acting at sections 


i and k at load step n. 
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Crack Type and Location 


1 inclined crack at the lower tension corner of 
the opening. 
2 vertical crack at the lower tension corner of 


the opening 


3 flexural crack in the bottom strut 

& crack at the upper tension corner of the 
opening 

5 crack in the flange near the upper tension 


corner of the opening 
6 crack in the flange near the upper 


compression corner of the opening 


Figure 3.1.1. Location of Cracks at the Opening. 
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Figure 3.2.1.5 


BEAM A2 after Unloading. 
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BEAM Bl after Unloading. 
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Figure 3.2.2.4 
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Figure 322.2. 7. 


BEAM B2 after Unloading. 
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Figure 3.2.3.4 Axial Force in the Top Strut - BEAM Cl. 
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Figure 372.3.7 BEAM C2 after Unloading. 
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Figure 3.2.3.10 Shear Force inthe Top Strut - BEAM C2. 
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Pigure -3.2.5.14 Axial Foree an the Top Strut — BEAM C3. 
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Figure 3.2.4.4 Axial Force in the Top Strut - BEAM Dl. 
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Figure 3.2.4.8 Load-Deflection Curve - BEAM D2. 
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Figure 3.2.4.9 


2 uy 6 8 
LOAD (k) 


Axial Force in the Top Strut - BEAM D2. 


10 


a if a 


L23 


LK 


/s\ 


SHEAR TOP sot te) 


(a 


0 2 4 6 8 10 
TOTALX SHEAR {k) 


Figure 3.2.4.10 Shear Force in the Top Strut - BEAM D2. 
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Figure 3.2.4.12 BEAM D3 after Unloading. 
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Figure 3.2.4.13 Load-Deflection Curve - BEAM D3. 
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4. EVALUATION OF THE EFFECTS OF SELECTED PARAMETERS 


4.1.) Introduction 

In this chapter, an evaluation is made of the effects 
of selected parameters on the behavior of the test beams. 
Parameters varied in the study were: length of opening, 
vertical position of the opening, and shear reinforcement 
details. Particular attention is paid to the effect of 
each parameter on the extent of cracking in the struts, 
distribution of shear between top and bottom struts, 


yielding of reinforcement, and failure mode. 


4.2 Effect of Length of Opening. 

Length of openings considered in this test program 
mene 56 in., 40 in. and 24 in. All web openings were 
centered at 104.4 in. from supports. 

Since cracking was detected through a visual 
inspection on the specimens, difficulties were found in 


differentiating shrinkage cracks from cracking caused by 


loading. Therefore the cracking loads reported are not 
regarded as precise. It is clear, however, that opening 
length affected cracking of the struts. As can be observed 
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on load-deflection curves presented in Figure 4.2.1, the 
slope after cracking is smaller for specimens provided 
with longer openings indicating greater loss of flexural 
stiffness of the struts. 

The effect of the length of the opening on the shear 
distribution in the struts for Series B, Series C and 
SeuiesanD AreM shownartn eFigaoond.s2i2,.eFig 2n4.2%3e ande<Fig: 
4.2.4, respectively. Figure 4.2.2 indicates that after 
cracking, the top strut of BEAM Bl, which had the longest 
opening, carried the total increase in shear caused by 
loading. Thissis® indicated «by» the «slope,,of ~the' post- 
cracking shear distribution curve being approximately 
parallel to the reference line. As the opening length 
decreased, near ultimate, the top strut carried an 
increase in shear greater than the total increase in shear 
caused by loading as indicated by greater slope of the 
post-cracking distribution curves. After cracking of the 
bottom strut, its stiffness decreased and consequently the 
bottom strut had a tendency to carry a smaller portion of 
the increase in shear caused by loading. As the flexural 
stiffness of the bottom strut decreased with increase in 
length of opening a smaller portion of the shear in that 
strut was transferred to the top strut. When the top 
strut was near its flexural-shear capacity there was a 


transfer of shear from the top to the bottom strut. Since 
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the bottom strut was not able to carry any additional shear 
due to its reduced shear capacity a mechanism was developed 
in the struts. The effect of opening length on the change 
in shear distribution after cracking in specimens of Series 
C was minimal. This result is discussed in the next 
section. Figure 4.2.4 indicates that the top strut of BEAM 
Dl and BEAM D2 carried approximately the same increase in 
shear caused by loading. The top strut of BEAM D3, which 
had the shortest opening length, carried an increase in 
shear less than the increase in shear caused by loading. 
Therefore some of that increase in shear was carried by the 
bottom strut. This is indicated by a smaller slope of the 
post-cracking shear distribution curve corresponding to 
BEAM D3. 

The Vierendeel action in each strut. results Jin 
additional moment at the edges of the opening, equal to the 
product of the portion of shear carried by the strut times 
the opening half-length. It is clear that the moment in 
the strut increases with opening length. 

Opening length also affected the failure mode of the 
specimens in Series B. BEAM Bl, with the longest opening 
Of Series 8B, failed. by formation .of a full. hinging 
mechanism involving two hinges in the bottom strut and two 
hinges in the top strut. BEAM B2 and BEAM B3, with shorter 


opening lengths, developed a partial hinging mechanism with 
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two hinges in the bottom strut and one hinge close to the 
upper tension corner of the opening. Both specimens failed 
in shear at the shear span between the support and first 
loading position. A partial hinging mechanism developed in 
the struts because the flexural-shear capacities of the 
struts were not reached before shear failure at the shear 
span. None of the specimens of Series C and Series D 
failed by developing a full hinging mechanism. For the 
specimens of these two series containing the longest 
opening, the main longitudinal reinforcement beneath the 
opening yielded at 80% of the failure load. 

Opening length did not affect the failure mode of 
specimens in Series C and Series D. All specimens in 
Series C failed in shear at the shear span between the 
support and first loading position. All specimens in 


Series PD failed in flexure at the midspan. 


4.3 Effect of Vertical Position of Opening 

Test results for specimens of Series B and Series C 
mndicate the effect of the vertical position of the opening 
on the behavior and failure of the specimens. As discussed 
in Chapter 2 the specimens of Series B had the openings 
positioned immediately below the flange, while in Series C 


they were shifted by 4 in. towards the bottom of the 
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specimen. Web reinforcement consisting of W2.9 wire 
double-legged stirrups was provided in the top strut of 
specimens in Series C. 

Cracking in the struts was affected by the vertical 
position of the opening. In specimens of Series B, cracks 
formed at the bottom and top struts at higher loads than 
Series C. This reflects the effect of reduction in the 
flexural stiffness of the bottom strut of the specimens in 
Series C. 

The effect of the vertical position of the opening on 
the shear distribution of the struts for the three opening 
lengths considered is shown in Fig. 4.3.1, Fig. 4.3.2 and 
Fig. 4.3.3. It can be observed that the top strut of the 
specimens in Series C carried a larger portion of the total 
shear than the specimens in Series B. This would be 
expected since cracking in the bottom strut of specimens in 
Series C was more severe and occurred at loads between 50 
to 75% of cracking loads of specimens in Series B, leading 
to a higher transfer of shear from the bottom strut to the 
top strut. This fact reflects the greater ratio of 
flexural stiffness of the top strut to the bottom strut for 
specimens in Series C than in Series B. 

With the exception of BEAM Bl, which developed a full 
hinging mechanism, all other specimens in Series B and C 


developed a partial whinging mechanism. Mes mild 
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longitudinal reinforcement in the bottom strut of specimens 


in Series C yielded at lower loads than in Series B. 


4.4 Fffect of Shear Reinforcement Details at Opening. 

To evaluate the effect of shear reinforcement details 
on the behavior of the specimens tested a comparison of 
test results for specimens in Series B and Series D is 
made. 

The specimens in these two series were provided with 
different types and amounts of shear reinforcement. As 
reported in Chapter 2, specimens in Series B were provided 
with minimum web shear reinforcement as specified by the 
ACI Building Code (326-77 IM The reinforcement consisted 
of vertical double-legged stirrups bent from W2.9 wires and 
spaced such that a stirrup was placed at each side adjacent 
to the opening. The specimens in Series D contained the 
same minimum web. shear reinforcement as BEAM A2 plus 
additional 0.44 in. diameter inclined bars placed at each 
tension corner of the opening. 

The type and amount of shear reinforcement 
significantly affected the behavior and failure mode of the 
specimens. The web shear reinforcement provided in the 
specimens in Series B was not effective in limiting the 


propagation of cracks formed at the lower and upper tension 
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corners of the opening. As load increased to 80% of 
failure load, these cracks widened considerably. The crack 
formed at the upper tension corner of the opening, extended 
- and penetrated into the flange Causing web-flange 
separation. The failure of BEAM Bl occurred through the 
formation of a hinging mechanism in both struts, while a 
partial hinaging mechanism was developed in BEAM B2 and BEAM 
Ree 

The specimens in series D developed their calculated 
flexural capacity at midspan. The additional 0.44 in. 
diameter inclined bars prevented significant widening of 
cracks that formed at the upper and lower tension corners 
of the opening. These cracks were well contained and web- 
prtange” “separation did “not “occur: The vertical stirrups 
placed at each side and adjacent to the opening were 
stressed to a significantly higher level in the specimens 
in Series B than those in Series D. 

Figures~ 4.4.1, 4:42" and 4.4.3 show the top strut 
shear for the three opening lengths considered. As can be 
observed, the top strut of BEAM Bl and BEAM B3 carried a 
larger portion of the total shear, at ultimate, than BEAM 
Dl and BEAM D3 respectively. BEAM B2 and BEAM D2 had 
Simriar Shear “distribution. Tt**is ‘clear’ ‘that the” specimens 
in Series D were able to reach their flexural capacity at 


midspan before the formation of a hinging mechanism in the 
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struts. This was due to the shear reinforcement provided 
at the opening that restricted cracking within the struts 
and avoided web-flange separation at the upper tension 


corner of the opening. 


4.5 Summary 

Based on the evaluation of test results, it can be 
concluded that the selected parameters affected various 
aspects of the behavior of the specimens, in different 
degrees. 

The opening length had some effect on the extent of 
cracking in the struts which is related to the loss of 
Peexural) rigidity of the struts. It also affected the 
shear distribution between the top and bottom struts, and 
the failure mode of the specimens in Series BR. For the 
other series the effect was minimal. 

Cracking in the struts and shear distribution between 
the top and bottom struts were significantly affected by 
the vertical position of the opening. 

The shear reinforcement details at the opening 
significantly affected the propagation of cracks at the 
corners of the opening, the shear distribution between the 


top and bottom struts, and the failure mode. 
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Figure 4.2.1 
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5. ANALYTICAL MODEL 


Set Lntroduction 


The analytical model described in this chapter 
provides a method for determining the load-deflection 
response of prestressed concrete beams with large 
rectangular web openings up to first yielding of the 
reinforcement. The analysis is based on a truss model that 
includes the effects of progressive cracking. Post- 
cracking response is based on application of the effective 
moment of inertia concept. 

A comparison between analytical results and 
experimental results in the service load range is 


presented, and limitations of the model are discussed. 


5.2 Assumptions and Basis 

Reinforced concrete and prestressed concrete 
structures at service load levels are expected to exhibit 
essentially linear elastic behavior in terms of stress- 
Strain response of steel and compressive stress-strain 
response of concrete. Load-deflection behavior becomes 


nonlinear however if cracking occurs in the concrete. The ACI 
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Building Code (318-77) (2) recognizes this nonlinearity 
through the use of Branson's effective moment of inertia 
procedure ‘9? for calculating beam deflections. Prestressed 
concrete beams with large openings in the web require 
special attention because of the significant discontinuity 
in beam stiffness that occurs at the opening, where the 
behavior more closely resembles that of a Vierendeel truss 
than a simple beam. Consequently, in this particular case, 
simple beam theory is not strictly applicable. 

Significant advances have been made over the past 
fifteen years in the application of finite element methods 
of analysis of concrete structures as outlined in a recent 
state-of-the-art report (26), The finite element approach 
permits detailed stress analysis of reinforced and 
prestressed concrete structures including effects of 
cracking and other nonlinearities. However, these refined 
analytical techniques are quite complex and may not be 
warranted for many applications. 

An alternative to the use of beam theory or finite 
element methods is available through the use of truss 
models. Some of the earliest attempts to model reinforced 
concrete behavior, particularly behavior in shear, were 
based on truss models. This ““approach ““has*~ seen’ ‘new 
developments in recent years inoruding WOrk- teitacea= co 
shear and torsion, 0 and as an aid eo proper 
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The truss model presented herein is attractive in that 
it is conceptually simpler than the more refined finite 
element models and at the same time provides more 
versatility than simple beam theory. 

Figure 5.2.1 shows a simply supported prestressed 
concrete beam with web opening and the respective truss 
model. Locationspiofie top fand ybottom «chord »members,) are 
selected to suit the geometry of the beam, particularly the 
details of the opening. For the section below opening, the 
top chord truss member is located at the top reinforcing 
steel level and the bottom chord member is located at the 
prestressing strand centroid. For the section above the 
opening, the top chord member is located at the centroid of 
concrete compression zone and the bottom chord member is 
located at the reinforcing steel centroid. For the solid 
cross-section, the locations of the top and bottom chord 
members were the same as those corresponding to the top 
Chord member for the section above the opening and to the 
bottom chord member for the section below the opening, 
respectively. Locations of web truss members are defined 
by positions of beam stirrups. To simulate the effect of 
prestressing, horizontal forces P, and Py, are applied to 
the top and bottom chord members respectively, at each end 
Oftatherstrussi.f frBoncesReeandt Py oare determined to provide 
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statically equivalent to the actual prestressing force and 
moment in the beam. The force P, applied at the top chord 
member of the truss is: 


(5.15) 


and the force applied at the bottom chord member of the 


truss is: 
h 
= e 1 
Panes Base Pop (S352) 
where, 
Re -effective prestress force 
& -eccentricity of strand 
h -depth of truss model 
h, “distance from centroid of bottom chord to centroid 
of beam section 
hoaredistance «from centroid of top chord to centroid of 


beam section 


Truss members are assumed to have a modulus of 
elasticity equal to that for concrete. It is then 
necessary to determine areas of truss members to produce a 
flexural stiffness equivalent to that of the beam. Since 


it is assumed that deformations due to shear can be 
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neglected in comparison with flexural deformations, the 
areas of web members are assumed to be unchanged by 


cracking. 


5.3 Application ‘of the’ Model 

Initially it is assumed that the beam is uncracked. 
Once the properties of truss members are determined, a 
fimear elastic analysis is “made~ for “loading due to 
prestress, dead load and live load. 

By comparing the tensile stress at sections along the 
beam with the tensile strength of concrete, it is possible 
to scale the applied load to the value at which cracking 
first. Occirs. The moment and axial force producing the 
tensile stress at a section are obtained from truss member 
forces. 

The analysis can then be repeated at selected load 
levels above the load to cause first cracking, after truss 
Chord areas are adjusted to produce the same moment of 
inertia as the beam section. The load-deflection response 


as affected by progressive cracking is traced. 


5.3.1 Uncracked Section 
Figure shay yh ere & shows beam cross sections and 
equivalent top and bottom truss chord members. Areas of 


top and bottom chord members are calculated to provide the 
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same moment 


panel. Top 


of inertia as the beam within each truss 


and bottom chord cross-sectional areas are 


assumed to be equal and are determined by the following 


expression: 

Ig = Ag (h/2)? + Ay(n/2)* (5.3) 

Ay, = Ay (5.4) 
Where, 

Ig = gross moment of inertia of beam section 

h = depth of truss model 

A, = area of top chord truss member 

Ay, = area of bottom chord truss member 

Areas of web members are determined from the tributary 

area of concrete based on truss panel spacing. Figure 


5.3.1.2 shows beam stirrups position and corresponding web 


members. Areas of vertical web members are determined by 


the following 


where, 


Sj: 


expression: 


w CSS.) 


area of vertical web members 


Sy = lengths of adjacent truss panels 


width of beam web 


Areas of diagonal web members are determined by the 


following expression: 
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) w sine (5.6) 


where, 
@ = angle between diagonal and bottom chord 


member. 


From truss member forces shown in Fig. 5.3.1.3, moment 


and axial forces at a section at mid-panel are obtained as 


follows: 
Braet + OW, a Ce (5.7) 
h h 
M = ae — + e 
C. 5 + = 5 Wy, (0) (538) 
where, 
P - net axial force at a mid-panel section 
M - net moment at a mid-panel section 
Dae atensi tes torce in the truss bottom chord 
Oe compressive force in the truss top chord 
Wy, - horizontal component of force in the diagonal 
truss member 
h - truss height 
In this particular investigation, the hoxzrzontal 


component of force in the Giagonal truss member was not 


considered in the calculation of the net axial, £orces and 
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the error induced was less than 1%. The tensile stress 
acting at the corresponding beam section and compared to 
the tensile strength of concrete is determined by the 


following expression: 


A "pe Mo 
where, 
A - cross-sectional area 
S - section modulus 


If the calculated tensile stress exceeds the tensile 
strength of concrete, truss chord areas are re-calculated 
based on ie as discussed as follows in the next section of 


this chapter. 


5.3.2 Cracked Section 

Behavior after cracking can be illustrated ae the 
Strain diagram shown in Fig. 5.3.2.1 and the moment- 
Curvature relationship shown in Fig. 5.3.2.2. The 
Curvature after cracking should be considered as_ the 
average curvature in a constant moment cracked zone. 
Application of the prestressing force produces a curvature 
¢p corresponding to the moment Mp = - Pg e- Applied moment 


of opposite sign to the prestressing moment decreases the 


ope. 
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net moment till zero moment and zero curvature are present 
at the cross-section. Further application of moment leads 
to zero stress at the bottom fiber when the net moment is 
lees an faye5 with curvature $)- Application of additional 
moment M., = £f,S2 produces cracking at the bottom fiber. 
Further application of load leads to progressive decrease 
in stiffness as indicated. Assuming as a first 
approximation that cracks close completely on unloading, 


unloading of the beam from point D would occur along 


DBOA. In Branson's form of the I, equation, 


Mor 3 Mor 3S 
tpt= =) mes Gis Poel veered bal Bare (5.10) 
n n 
May was taken as Mygy = £52. Thiswtis Midentiical to ‘the 
expression used for non-prestressed beams. The correspond- 
ing value of the difference between moment due to the 


applied load and the sum of the decompression and prestress 


moments! dsegiven ‘by oM,.= ™M 


re : 
s Beas +e) where M, is the 


moment due to applied load. 

This procedure for calculating I, differs from the 
procedure given by Branson and Trost (>), who replace M,, by 
ing texmaMienn =" MER yresPe r2/C5 with a corresponding 
modification «to My. In either case, however, the effective 


moment of inertia expression provides a gradual transition 


from i% to: I 


g Hye as progressive cracking takes place. 
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Using an incremental loading procedure, the value of 


I, at each panel is determined. At each stage the moment 


e 
and axial force at a beam section are obtained from truss 
member forces. Truss chord areas are assumed equal and 


then adjusted to produce the same moment of inertia, ets 


according to the following expression: 


Reisena hie erteaR(w/i2ie (5.11) 
where, 
I. = effective moment of inertia of beam section 


h = depth of truss model 


yY 
II 


area of top chord truss member 


area of bottom chord truss member. 


Y» 
oO 
| 


Once the truss chord areas are adjusted, the analysis 
is repeated at the same load level. The analysis is 
stopped when the force in the truss bottom chord equals the 
boucesn. Gormesponding | .toveyielding, ,of |) mild longitudinal 


reinforcement, or fracture of the prestressing strand. 


5.4 Comparison of Analytical and Experimental Results 

To assess the accuracy of the analytical model, 
numerical results were compared with experimental results 
for six of the beams tested as part of this investigation, 


(4). 


as well as three of the beams tested by Parney 
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In each case, load-deflection readings were taken 
after prestress and beam self-weight were applied. For 
purposes of comparison therefore, prestress and self-weight 
effects were subtracted from numerical results before 
plotting the load-deflection curve. While the beams were 
all tested to failure, the analysis is terminated when the 
force Thin lotheGetrussi crbottom ! chord equals: ‘ther sorce 
corresponding to yielding of mild longitudinal reinforce- 
ment. Figures 5.4.1°to 5.4.3 show details of three of the 
specimens analyzed. 

The load-deflection curves at midspan and at the left 
corner of the opening for BEAM Bl are shown in Fig. 5.4.4 
and Fig. 5.4.5, respectively. First cracking is predicted 
by the model at the lower tension corner of the opening, at 
220°kips." The change’ of Slope in the load-deflection curve 
recorded during testing reflects the formation of a crack 
at the lower tension corner of the opening at 3.2 kips. As 
can be observed in Fig. 5.4.4 and Fig. 5.4.5, there is good 
agreement between analytical and experimental results up to 
8.2 kips, when yielding of mild longitudinal reinforcement 
beneath the opening is predicted by the model. 

Figure 5.4.6 and Fig. 5.4.7 show the load-deflection 
Curves at midspan and at left corner of the opening, for 
BEAM B3. First cracking is predicted by the model at the 


lower tension corner of the opening, at 2.4 kips. The 
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linear portion of the load-deflection curve plotted during 
testing shows evidence of first cracking at 3.2 kips. The 
agreement between analytical and experimental results for 
BEAM B3 is slightly better than for BEAM Bl. Yielding of 
mild longitudinal reinforcement beneath the opening is 
predicted by the model at 7.6 kips. 

The load-deflection curves at mispan and at the left 
corner of the opening, for BEAM Cl, are presented in Fig. 
5.4.8 and Fig. 5.4.9, respectively. The analytical model 
predicts first cracking at the lower tension corner of the 
Spendngofathd .oekips, and icrackingiwaterthe. upper. tension 
corner of the opening at 2.4 kips. However, during 
testing, first cracks formed simultaneously at the lower 
and upper tension corner of the opening, at 1.6 kips. As 
indicated in Fig. 5.4.8 the model overestimates deflections 
at midspan for loads higher than approximately 2.4 kips, 
corresponding to cracking predicted by the model at the 
upper tension corner of the opening. The analysis of BEAM 
Cl is stopped at 8.7 kips, corresponding to yielding of 
mild longitudinal reinforcement beneath the opening. 

Figures 5.4.10 and 5.4.11 show the load-deflection 
Curves at midspan and at the right corner of the opening, 
for BEAM C2. First cracking is predicted by the model at 
the lower tension corner of the opening, at 1.83 kips, and 


cracking at the upper tension corner of the opening at 2.4 
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kips. Dumingatesting, wmfirsteacracking occurred simultan- 
eously at the lower and upper tension corners of the 
opening, at 2.0 kips. As sshowngsin eFig. ©574.10,..midspan 
Geflections are overestimated by the model for loads higher 
than 4.0 kips. However, good agreement between analytical 
and experimental results are obtained for the right corner 
of the opening. Yielding of mild longitudinal 
reinforcement below the opening is predicted by the model 
at 9.0 kips. 

The load-deflection curves at midspan and at the left 
corner of the opening, for BEAM Dl are shown in Fig. 5.4.12 
and Fig. 5.4.13,.. respectively. The analytical model 


predicts first cracking at the lower tension corner of the 


opening at 2.5 kips. The slope of the load-deflection 
‘curve, recorded durina testing, changes at 2.66 kips, 
reflecting the formation of first cracking. As indicated 


monwigy 5.4 i2cand Big.) 574 43-.the load-deflection curves 
predicted by the model and plotted during testing are 
almost coincident until approximately 8.15 kips. Atgeb 225 
kips, yielding of mild longitudinal reinforcement at 
midspan is predicted by the model. 

Figures 5.4.14 and 5.4.15 show the load-deflection 
curves at midspan and at right corner of the opening, for 
BEAM D2. First cracking is predicted by the model at the 


lower tension corner of the opening, at 2.65 kips. 
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Cracking is indicated by a change of slope in the load- 
deflection curve plotted during testing, at 2.72 kips. ms 
can be observed in Fig. 5.4.14 and Fig. 5.4.15 excellent 
agreement between analytical and experimental results are 
obtained until approximately 8.15 kips. For higher loads 
results become divergent. Yielding of mild longitudinal 
reinforcement at midspan is predicted by the model, at 8.4 
kips. 

The™=-load-derlectiornr "curve “at *the™right corner of ~ the 
opening for BEAM B7 is shown in Fig. 5.4.16. First 
cracking is vredicted by the model at the lower tension 
Cerner’ of “the opening, at “2°16 *kips. “During testing’ first 
crack formed at the lower tension corner of the opening at 
Ze7~ KYpS. Figure 5.4.16 indicates that for loads higher 
than 3.75 kips, the difference between analytical and 
experimental results increases with load. The analysis of 
BEAM B7 is stopped at 6.65 kips corresponding to fracture 
of prestressing strand beneath the opening. 

Figure 5.4.17 shows the load-deflection curve at the 
right corner of the opening, for BEAM B5. The analytical 
model predicts first “cracking at “the lower tension corner 
of the openina at 2.0 kips. During testing first crack 
occurred at the lower tension corner of the opening at 2.04 
kips. wee shown “in Fig. “5.4.17">"good “agreement? "between 


analytical and experimental results are obtained “up “to -3.1s 
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kips. As load increases analytical and experimental 
results diverge. Fracture of prestressing strand beneath 
the opening is predicted by the model at 5.62 kips. 

The load-deflection curve at the right corner of the 
opening, for REAM B4, is shown in Fig. 5.4.18. Test 
results indicate that first cracking occurred at the lower 
tension corner of the opening, at 2.04 kips. The 
analytical model predicts first cracking at the lower 
tension corner of the opening at 2.4 kips. Figure 5.4.18 
fadicabescy thatweforanloadseg higherevthanwe3+37 rkipsiathe 
@ifference between analytical and experimental results 
increases with load. The analysis of BEAM B4 is stopped at 
6.38 kips corresponding to fracture of prestressing strand 
beneath the opening. 

It can be observed by comparing Fig. 5.4.4 and Fig. 
BeAcSinagainst aPignessefal2t:thatrtanalyticale-results, are 
closer to experimental results for BEAM Dl than for BEAM Bl 
and BEAM Cl. This is expected since the analytical model 
does not model widening of cracks at corners of the opening 
and in BEAM Bl and BEAM Cl cracks at tension corners of the 
opening extended and _ widened considerably with load. 
However, since BEAM Dl was provided with diagonal 
reinforcing vars at the opening region, cracks at tension 
corners of the opening were restricted and excellent 
agreement between analytical and experimental results is 


obtained. 
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The differences among Barney's three beams presented 
in this chapter were length of the opening and shear 
reinforcement near openings. BEAM B7 and BEAM B5 contained 
10 x 60 in. openings and BEAM RB4 contained 10 x 45 in. 
openings. Shear reinforcement near opening consisted of 
welded wire fabric was provided in BEAM B5 and BEAM B4. 
Additional no.3 vertical stirrups near openings were 
provided in BEAM B7. 

We'cliindicated ‘nheFrorresa4il6: totaFig-s Ss4.08, tthe 
discrepancy between analytical and experimental results is 
not affected significantly by the type Of shear 


reinforcement near opening in those three specimens. 


5.5 Statistical Analysis of the Results 

Table 5.5.1 presents the ratio of test-to-predicted 
cracking load and measured-to-predicted deflection at the 
service load level and at the level corresponding to 
yielding of longitudinal reinforcement or Eractu re, 70OLf 
prestressino strand for all specimens. Ratios of loads 
corresponding to detected and predicted yielding of 
longitudinal reinforcement are also listed. 

For test-to-predicted cracking load, a standard 
deviation of 0.15 was found with a_- corresponding 
coefficient of variation of 12%. For test-to-predicted 


deflections at the service load level, a standard deviation 
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of 0.20 was found with a corresponding coefficient of 
Variation of 18.8%. For test-to-predicted deflections at 
the level corresponding to yielding of longitudinal 
reinforcement, ay standards Gaevietion, “of 0.19 (and: 7a 
coefficient of variation of 20% were determined. It should 
be noted that the model gives the best predictions for 
beams in Series D where widening of cracks at corners of 
openings was restricted by the presence of diagonal web 
reinforcing bars. The correlation obtained between test 
and predicted deflections appears to be consistent with 
results reported by ACI Committee 435 (2), 

For test-to-predicted loads corresponding to yielding 
of longitudinal reinforcement or fracture of prestressing 
strand, a standard deviationof 0.06 and a coefficient of 
variation of 6.2% were determined. This indicates that the 
model can predict yielding of longitudinal reinforcement or 


fracture of prestressing strand with acceptable accuracy. 


5.6 Model Limitations 

The basic assumption made in developing the analytical 
model is that the areas of the top and bottom chord members 
are calculated to provide the same moment of inertia as the 
beam within each truss panel. The areas of web members are 
determinei from the tributary area of concrete based on 
truss panel spacing and are assumed to be unchanged by 


cracking. 
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The effect of cracking on shear deformations is 
neglected. This assumption is consistent with the usual 
assumption that shear deformations can be neglected when 
calculating deflection of slender beams. Consequently 
widening of diagonal cracks at corners of the opening is 
not modelled. However with proper detailing, significant 
widening of cracks would not be expected at service load 
levels. 

The effective moment of inertia concept as applied to 
the truss model makes the procedure valid only for loads up 
to yielding of reinforcement. No yielding in steel and 
only linear stress-strain relationship for concrete are 
considered. Therefore, as results indicate, the model 
cannot simulate behavior in the post-yield range. However, 
the extension of the modeling technique into the post-yield 
range is possible and could provide useful insight into the 
behavior of prestressed concrete members, particularly in 
terms of the localized behavior in highly stressed zones as 


an the vicinity of openings. 


5.7 Summary 

Comparison between analytical and experimental results 
indicates that the proposed truss model provides an 
efficient method for determining the load-deflection 


response at service load levels, and up to first yield, of 
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prestressed concrete beams with large web openings. Post- 
cracking response is based on application of the effective 


moment of inertia concept. Limitations of the model are 


- G@iscussed. 
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maple 5.5.1 
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Statistics for Test-to-Predicted Cracking Load, 


Deflection and Load at Yielding Ratios. 


Specimen Cracking Service Yielding Yielding 
Load Load of Long. of Long. 
Reinf. Reinf. 
Prest Atest Prest Stest 
P ‘ A : P : A ; 
predicted predicted predicted predicted 
BEAM Bl 0.96 
BEAM B2 Leos 
BEAM B3 Leo 
BEAM Cl 0.80 
BEAM C2 0.78 
BEAM C3 UES I) 
BEAM Dl igie 
BEAM D2 1302 
BEAM D3 3 ayy bps) 
BEAM B4 = 
BEAM B5 ae 
BEAM B?7 = 
Standard 
Deviation Oni O20) 
Coefficient 
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Stirrup 
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Beam elevation 
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Truss model 
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Fagure 5.2.1 Prestressed Beam with Web Opening and 


Respective Truss Model. 
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PAqgure 5.5.1.5 


Forces at a Mid-Panel Section. 
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Figure 5.4.2 Details of BEAM C3. 
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Figure 5.4.3 Details of BEAM B7 (Ref. 4). 
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6. EVALUATION OF STRENGTH AND SERVICEABILITY OF 


PRESTRESSED BEAMS WITH WEB OPENINGS 


6. Introduction 

In this chapter, considerations related to evaluation 
of design and deflections of prestressed concrete beams 
with web openings are discussed in light of the results of 
the analytical and experimental work described in previous 
chapters. 

Design for strength requires that critical sections 
have adequate strength to resist applied Gesign loads. In 
the case of beams with openings it is necessary to 
determine forces in the top and bottom struts associated 
with the ultimate limit state. Once these forces have been 
determined the struts must be designed to have adequate 
strength to resist the forces. In addition, design’ and 
detailing should be aimed at providing ductile rather than 
brittiesfailure modes. In this respect, flexural failure, 
rather than shear and bond failure, is the desired mode. 
For prestressed beams with web openings the critical 
section for flexural failure may occur at the solid section 
or in the struts above and below openings, depending on the 


geometry and location of openings. 
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Serviceability refers to performance at working load 
levels, particularly in terms of deflections. For beams 
with openings, deflections may be critical as a result of 


decreased stiffness in the vicinity of the openings. 


Gwe estrengtn 


6.2.1 Failure Modes 
As mentioned in Chapter 3, failure modes observed in 
this est program were: 
-full hinging mechanism involving two hinges in the 
bottom strut and two hinges in the top strut. 
-development of a partial hinging mechanism consisting 
of two hinges in the bottom strut and one hinge in the 
top strut, followed by a shear failure away from the 
opening. 
-shear failure at solid shear span followed by strand 
debonding. 
-flexural failure at midspan. 
These failure modes are illustrated in Fig. 6.2.1.1. 
Another possible failure mode in prestressed concrete beams 
with web openings is strand slip. When openings are placed 
in high shear regions and the inclined crack formed at the 


lower tension corner of the opening is allowed to extend 
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into the required strand embedment length, the strand may 
slip. To avoid this undesirable type of failure, openings 
must be located outside the required strand embedment 
length and adequate shear strength must be provided within 
the strand embedment length. 

A significant factor that must be considered as well 
as the strength of prestressed concrete beams with web 
openings is ductility. This means ensuring that the beam 
does not fail in a brittle fashion without warning but is 
capable of large deformations near the maximum load- 
Carrying capacity. To ensure ductile behavior special 
attention must be given to detailing, ensuring that all 
brittle failure modes are avoided. Therefore, flexural 
failure, rather than shear and bond failure and strand 


slip, is the desired failure mode. 


Sec u2 Evaluation of Forces in Struts Due to Applied 
Loads at Ultimate 

The design of a prestressed concrete beam with large 

web openings requires an evaluation of the forces acting in 

the struts so that the struts can be designed to resist the 

applied loads. Due to the loads applied on the beam, a 

Shear force V and a moment M are produced at the middle 


section of the opening. Figure 6.2.2.1 shows the forces 
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acting on a cross-section of a prestressed concrete beam 
with web openings. The top strut carries a portion Vy, and 
the bottom strut carries a portion V, of the total shear 
force acting at the section, at the ultimate load level. 


The prestress force P, and the moment M produce an axial 


Pp 
tensile force T in the bottom strut and an axial 
compressive force C in the top strut. The axial forces C 
and T are assumed to be applied at the centroids of the top 
and bottom struts respectively and are calculated, at 
ultimate, from equilibrium conditions at the middle section 
of the opening, where a point of inflection is assumed to 


occur in each strut. The axial compressive force acting in 


the top strut is determined according to the following 


expression: 
M-P_(d_) 
Ca feet eet ee (6.1) 
a 
st 
where 
Py = 0.7 fpurp (6.2) 


The axial tensile force acting in the bottom strut is 


Getermined as follows: 


T = --k, St? (6.3) 
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where, 

M - moment at the center of the opening due to applied 
loads 

fou - tensile strength of prestressing strand 

Ap - area of prestressing strand 

qd, - distance between centroid of prestressing strand 
and bottom strut centroid 

dg, - distance between centroids: of teocvandiebot ton 


struts 

The shears Vy; and V, depend on the relative flexural 
stiffnesses of the top and bottom struts at ultimate. If a 
full mechanism occurs at the opening, the shear in each 
strut is that associated with the smaller shear 
‘corresponding to the flexural and shear capacities of each 
strut. The moment capacities in turn are affected by the 
presence of axial forces C and T. The shears in the top 
and bottom members may however be limited by the shear 
Capacity of one or both struts. Thisivisdparticulanly the 
case for the bottom strut where the presence of the tensile 
force reduces the ability of the concrete to contribute to 
shear carrying capacity of the strut. 

In Section 6.2.2.1 the method of calculating the 
shears corresponding to a full flexural mechanism at the 


Opening is described. The shear capacity of the axially 
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loaded struts is determined by expressions given in the ACI 
Building Code (318-77) (1) as outlined in Section 6.2.2.2. 
The shears are then compared with shears obtained from the 


tests. 


6.2.2.1 Shears Corresponding to Full Hinging Mechanism at 
Opening. 

Onee -thwewiaxialetforce eins aistrutetisitcalculated, the 
corresponding flexural capacity can_ be determined by 
considering strain compatibility and equilibrium conditions 
for the strut cross-section. Tos saccomplish®! this;,ica 
computer program developed by Shushkewich (24) was used. 
The solution is based on a bilinear stress-strain curve for 
mild reinforcement and a mathematical stress-strain 


(15) for the prestressing 


relationship proposed by Mattock 
steel. The stress-strain relationship for concrete is 
based on equivalent rectangular stress block. 

Faegufer 6.21 2nt¢lershewsiag.free-body Giagrams for the 
struts above and below an opening at formation of a full 
hinging mechanism. The end moments M, through Mg represent 
the flexural capacities corresponding to the calculated 
axialitfonces in«ther members. The strut shears V, and Vj, 


corresponding to these moments can be calculated from 


equilibrium conditions as: 
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Miptnar gan (6.4) 
M+ M 
oe 
Mersreary (625) 


where, 
Vpop ~ shear carried by bottom strut 
Vig — shear carried by top strut 
M,,M5 - moments at the ends of bottom strut 
Ma7Mq — moments at the ends of top strut 


& - opening length 


6e7eP82 Shear Strength of Strut Based on ACI Design 
Equations 

The presence of the axial tensile force in the bottom 
strut increases the longitudinal tensile stress and the 
resulting tendency for inclined Cracking. JOn the contrary, 
the addition of the axial compressive force in the top 
strut decreases the longitudinal tensile stress and the 
tendency for inclined cracking. 

Since shear is associated with the phenomenon of 
diagonal tension, it is expected that axial compression 
will increase and axial tension will decrease the shear 
capacities of the struts. 

The basis for the ACI Building Code (318-77) approach 


to the design of flexural members subjected to axial forces 
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is that in web reinforced members the nominal shear 
strength provided by concrete can be carried together with 
the shear resisted by the truss mechanism with 45° diagonal 
struts. The ACI Building Code proposes a semi-empirical 
equation, based on principal stress concepts, which 
conservatively predicts the diagonal cracking load. This 
equation is suitably modified to take into account the 
effect of axial forces. However, because it is frequently 
difficult to be applied in design, the ACI Building Code 
(318-77) allows the use of simplified equations to compute 
the shear carried by the concrete beams subjected to axial 
forces. 

Thus, the shear corresponding to the shear capacity of 
the bottom strut determined according to ACI Building Code 
is given by: 

Died ae (eae a ee pened (6.6) 
pst 500 A, Cow Ss : 
where, 
Vos ~ Shear at bottom strut 
T - tensile axial force in the bottom strut 
Pet raersa of bottom strut 
Filey — compressive strength of concrete 


b, - web width 
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a - distance from extreme compression fiber to centroid 


of longitudinal tension reinforcement 


A, - area of shear reinforcement 
fy - yield strength of shear reinforcement 
s - spacing of shear reinforcement 


When the calculated shear strength provided by 
concrete is found negative it is assumed to be zero. The 
shear corresponding to the shear capacity of the top strut 


determined according to ACI Building Code (318-77) is given 


by: 
Cc = Af a 
Vee = .i[t] te0< 0005 ine) vibe bd + oS 
where, 
Vaso- shear at top strut 
C - compressive axial force in the top strut 
A, - area ofetopr strut 
Oa2%3 Comparison Between Shear Carr bedia bye St£uutsi sak 


Failure and Calculated Shear Capacities. 
Strut shear forces corresponding to strut flexural 
capacity (formation of hinging mechanism) and strut shear 
capacity are listed in Table G:A2i.3's law FOri lithe wewelve 


specimens with openinas considered in this study. 


200 


iS ili « ies 
 eremestota tes ‘i tnt 
ut hebiverq” Avensis” aseta © Seca | 
oft ower ed od bomteas elvdh evtsepen’ Savor “at | 
juntw tot sifs to yotoss> verte ‘ors “08 “eRitPinoguen 
avin ek {TT+8Ley shoo aa IDA oF enib30028 a 
5 gels: 19d 
hat id NeI5 ‘ata 

aa + By TE ay) 2000, 0 + tis = apt | 
iia rim gt 


i ©. 0 7 . v rigs 


i x 1a & 


a 
sutta gad 3s asette <3 ae 
tuxse qos edt mi so10% Letxs stiaeano ae G 

|) gytte qos 26 neta = GA 

| . inl 

+s 270722 yf fekz2s> arsed? neewsed’! nop treqto> | 9 (fiSee 
Lapisiosyed seed? bereivolsD hits erubiew a 

{stuxel? sorte 6% pATbnoOgee TIO © Seustiewmicitcie 
issds sunze Bae {mednsrtoom eripetit " 
eviews 94t ot 068 Sicdet me aft 


‘ybuse wield ak Resebiencs 


Calculations of strut shear capacities are given in 
Appendix D. It can be seen that in some cases flexural 
capacity governs while in other cases shear capacity 
governs the shear force that can be carried by each 
strut. To estimate the total shear capacity at the 
opening, the smaller values of each of the top and bottom 
struts were added together and listed in Table 6.2.3.1. 
Also shown in this table are the test results for shear in 
each strut and total shear at the opening. The procedure 
used to obtain test results for strut shear is outlined in 
SeCtLOn 36:3. 

For all beams in the study, the shear in the bottom 
strut was limited by the strut shear capacity rather than 
flexural capacity. In all but two cases flexural capacity 
governed the shear carrying capacity of the top strut. In 
all cases the total calculated shear capacity at the 
opening was greater than the oral shear, at. fer lure. 
However it should be noted that in only one case, BRAM Bl, 
was. failure associated’ with ‘formation of a full hinging 
mechanism. In all other cases, partial hinging mechanisms 
were developed at the opening with failure (of ®tne Bbeam 
occurring by flexure at midspan or by shear in the end 
shear span. 

In the case of BEAM Bl, the shear at failure was 86% 


of the calculated shear carrying capacity. Ther COD. et nua 
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attained 84% of its calculated shear carrying capacity 
while the bottom strut attained 89% of its calculated shear 
carrying capacity. 

In all other beams failure occurred before the top 
strut reached its load-carrying capacity whereas at failure 
the bottom strut shear was in the vicinity of its calculat- 
ed value. As coutlined in) Chapter °3, ‘for all beams, the 
bottom strut was extensively cracked at failure and it is 
apparent that the bottom strut was at or close to its load- 
carrying capacity when failure occurred. The test results 
therefore provide an indication of the accuracy of the ACI 
design equation for calculating capacity of the bottom 
Scrut. 

Statistical, analysis Of ‘the ratios of ~“test=to-— 
calculated capacity values of bottom strut shear indicates 
a mean value of 1.11 with a coefficient of variation of 30% 
Broea range of ©.69 to 7.90. The statistics jare given san 
MADLe 6.2.32 Since the ACI equation is semi-empirical 
and is intended to be a conservative estimate of shear 
capacity based on test results, the relatively high coef- 
ficient of variation is not unexpected. However one would 
expect not only that the mean value would be greater than 
unity as is the case, but that all values would be greater 
than unity. For those beams with test-to-calculated ratios 
less than unity (Bl, Cl, C2, Dl, B4), the following 


comments are related to the apparent discrepancy. 
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BEAM Dl was provided with diagonal bars at the corners 
of openings to control cracking at the lower and upper 
tension corners. As trav® resnltas BEAM # D1 sustained 
significantly less damage in the form of wide cracks than 
those beams without the extra diagonal bars. It is quite 
likely therefore that the bottom strut had some reserve 
capacity to carry additional shear at the load causing 
flexural failure at midspan. 

BEAM B4 tested by Barney ‘4) failed by strand fracture 
at the bottom strut. As was the case for BEAM fl it is 
therefore likely that the lower strut had reserve shear 
capacity at the load causing failure by strand fracture. 
BEAMS SBUPNCI9 arid C2#tsustdined significant damage in the 
bottom struts due to wide cracks at the lower tension 
corner, while the top strut was still capable of carrying 
additional load. The low shears obtained from test results 
are most likely the result of softening of response due to 
extensive cracking causing transfer of) shear tomthe stop 
strut, and premature failure of the bottom strut. 

These results suggest that, if premature failure of 
the bottom strut is prevented by the proper detailing in 
the vicinity of the opening, the bottom “strut can, Ge 
expected to carry its calculated shear capacity based on 
the semi-empirical ACI design equations. The remaining 


design shear can then be assigned to the top strut. For 


203 


a ee! ee) . Se a 7 
ben tasens “> ‘won slvwex rar rt 


ast? exons® aim to mio? ata a re 
eztivup “i st nae ‘Eenopsth BLIND, 93, 300 


ovzepes amos ‘bart auise mosszod Pe jad 
aS: @2 ae 20 Oe rouse 


oakaced. beok sz +s woide Saaks tebe: geese a 
| seqabin te osulis aaa 
| ee. ee ans itd taney 

oxaague baatde' ae bet te 8 gsnase vo beset Oa MA: 


4) "3 Rae 


Oe aad i 
ai #2 £0 MAGA x0 2269 arts e6w e& 20338 mpagedi Tak 
ie ) ee 


taste evieeer Bart su134 zewol ods rent Yieszs 
.@7939632 Snextve * eriiet pniaus bot ond bit 
eft Al epamsd Iniindtisw ts honissaue $9 Ous 5 te OMA 


notenst tewol ef? 28 eosT> ebiw or sub aritt Ss 430 


calvixas to sideqseo Ilize esw JusaR gor ody ea 


oe 


ns 
¥ 


autiueet saa ros? henlsido aisate wo f ane, sbect Ae 


oF sub sanogegs Ro enigesios t9 sivess ois erate iad 
ra 


hes. 
qos eds of teeta Jo  tetens7? polauad oabtonta bd x 


en 7 
Fada motiod sfx to giulist melas. eet ba, in 


to) «6«stulist e1us6mexq tL ,tert2 sesnpus Bar oaee a Tt 

nt oollinsed arly bo sev ot tux nojjod 9 

€ gory xa q. ad ir . ee 

os aes suvse moa sod ld ninsqo eff iv 
a Las off 


eqs ny *t 


aa beesd yrissaeo aie peseruotes av phi 


ewes ¢ 


painisms: eT atoljsupe meheeb va 


—- TONG, RY ai 


wOd 3=.. dae qos ed ha bengiees.. 
iat crea baa hat oe ie - | : 


4 


“+d 


' bh 
f } a oe 


ba a Se 


comparison, in Barney's proposed design procedure(4) for 
high values of tensile force in the bottom strut such as 
those in the present test program no shear would be 
assigned to the bottom strut and the total shear would have 


to be resisted by the top strut. 


6.2.4 Detailing to Prevent Brittle Failure. 

Based on the failure modes observed in this test 
procram and in test programs of other authors (4/16) it is 
clear that proper reinforcement detailing around the 
opening is needed to avoid premature failure. 

Widening and extension of inclined cracks?’ i at tthe 
tension corners of the opening can be efficiently 
restricted by placing inclined bars adjacent to each side 
of the opening. The force to be resisted by the diagonal 
bars can be determined by equilibrium conditions for the 
free body diagram shown in Fig. 6es2 e441. YEor theMsakewot 


simplification the shear force v'. is neglected. The 


tensihlesutforce’ Typ cto be rcarried by inclined bars is 


determined as follows: 


cw sheet (6.8) 
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where, 


V, “Shear force at the corner of the opening 
a -angle of inclination of the diagonal bar to the 


vertical ; 


The inclined bars are placed at the lower and upper tension 
corners of the opening as shown in Fig. 6.2.4.2. The angle 
of inclination of the crack formed at the corner of the 
opening varied between 40° and 60° for the specimens of 
Series B and Series C. For the specimens in Series D, 
which were provided with inclined bars, that angle varied 
between 80° and 85°. The main advantage of placing the 
bars at a 45° angle is that they can intercept cracks 
emanating from the corner over a wide range of angle of 
inclination. The tendency is for cracking to occur at 
approximately 45°. The diagonal bars will therefore cross 
the potential crack at approximately [0% cuThishais thesmost 
desirable situation since immediately after cracking the 
bar is subjected to direct tension. 

Since the main objective is to controlsi crack 
propagation and crack width, the steel stress should be 
kept to a relatively low level rather than allowing the 
steel to yield at ultimate loaa(2). For the beams in the 


test program the shear in the pottom strut ranged from 2.38 
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kips to 6.78 kips. Assuming a value of 5 kips as being 
representative, the steel stress in the diagonal bars at 
the ultimate load level is: 
te: b i = ue , 

Ee: A_cosa TOS 30 xOe OT. wile tsi soon 
The beams in Series D exhibited satisfactory behavior at 
this stress level, therefore a steel stress of 24 ksi is 
recommended for design. Note that this is the permissable 
Service load stress specified in the ACI Buiding Code 
(318-77) for the Alternate Design Method (design using 


unfactored service loads). 


6.3 Serviceability 

Large web openings may produce a significant decrease 
in beam stiffness as compared to a beam without openings. 
Further decrease in stiffness will occur when cracking 
occurs. Deflections may therefore become a eritical design 
consideration for beams with large web openings. 

In Chapter 5, it was shown that the analytical model 
developed based on a truss analogy can predict deflections 
with reasonable accuracy at service load levels and un to 
loads causing yielding. Such a model however is too 


complex for routine design. In the following, a simpler 
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approach is developed based on standard beam analysis 
procedures. 

The midspan deflection caused by live load is 
estimated as the result of adding the deflection caused by 
prestress and the deflection caused by live load. Each of 
these deflections has two components: 

1 - flexural deformation of specimen as a whole 
2 - additional deflection due to localized bending of 
the struts 
Wsing moment-area principles, according to Fig. »~6.3.1 


midspan deflection due to prestress is determined to be: 


48, 
(1) 
ng, 
o 


a Es oko 
(Nel yaa [(4L-102)(8L-52)+(6L-102%)(3L-52) +456 FF R(L422) 


(510 ) 
IL- span length 
£- opening length 


I5- gross moment of inertia of a section through the 


opening 
I,;- gross moment of inertia of beam section 
ag effective prestress force 
e- strand eccentricity 


Since in this test program all specimens were provided with 
straight strands, shear in the struts due to prestress is 


zero. Consequently the additional deflection due to 
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localized bending of the struts caused by prestress is also 

zero. | 
According to Fig. 6.3.2 midspan deflection of the 

specimen as a whole due to lateral loading is Given by the 


following expression: 


Ly = 
2 MPs 5 adel 2 (M.-M, ) 
— = * + — — (2L-108)(5L-52) + — ———— (L-52)(3L-52) + 
Po Pee 208 BL 30 EI 
1 e e 
M, 2 (M,-M,) 1 M, 
+ (2)(3L) + — ———(2)(9Lt+52) + — ——(2L-102)(7L+52) + 
EI 30 I 205 EL 
ex ese e 
2 (M,-M,) 9 
Pepe Sareea) (St )+ —— Mt 
30 EI, 200 
(Geib) 
where, 
Eo concrete modulus of elasticity 
ee effective moment of inertia of beam section 
Iq = gross moment of inertia of beam section 
Sets cracked moment of inertia of a section through 


the opening 


According to Fig. 6.3.3 additional deflection at midspan 


due to localized bending moment of the struts is given by: 
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ve? 
Ata "ther-Aot aaaeere (6.12) 
P2E dl eapaton tae) 
e e 
where, 
1 shear at the opening due to applied live load 
E- modulus of elasticity of concrete 
. opening length 
Lths bottom strut effective moment of inertia 
€ 
Ler cnt top strut effective moment of inertia 
€ 


The total deflection at midspan caused by live load is 
Given by: 


+ A. (6.13) 


Table 6 Serle presents predicted and measured 
deflections at midspan and the ratio of measured-to- 
predicted deflection at the service load level for all 
specimens. The mean value of the ratio of test-to- 
predicted deflections was found to be 1.04. A standard 
deviation of O.11 was found with a corresponding 
coefficient of variation of 11%. This level of correlation 
can be compared to the conclusion of ACI Committee 435(3) 
that under controlled laboratory conditions there is a 90% 
Chance that the deflection of a particular beam will be 


within the range of 20% less than to 30% more than the 
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calculated value using the effective moment of inertia 


approach as outlined in the ACI Building Code (318-77). 


6.4 Proposed Design Procedure 

Based on the experimental and analytical results for 
prestressed concrete T-beams with web openings described in 
this thesis, the following design procedure is proposed. 

The proposed design procedure is limited to slender beams 

with no significant concentrated loads applied to the top 

strut, and beams for which slenderness effects in the top 
strut are not significant. 

1. Design the beam for flexure and shear according to the 
ACI Building Code (318-77) or Canadian Standard A23.3 
as if the beam contained no web openings. 

2. Insure that openings are placed outside the code 
specified strand embedment length. 

3. Provide in the bottom strut, vertical stirrups of the 
same size and spacing as the beam without openings. 
Ensure that a vertical stirrup is placed in the solid 
Section immediately adjacent to each side of the 
opening. 

4. Determine axial forces in the struts from equilibrium 
conditions in the middle section of the opening, as 


outlined in Section 6.2.2. 
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Determine moment capacities in the top and bottom 
struts corresponding to the calculated axial forces 
based on axial force-moment interaction. 

Determine, from equilibrium considerations, shear 
forces corresponding to moment capacities calculated in 
step 5. 

Determine shear capacities of the top and bottom struts 
according to the design equations for members subjected 
to axial force as provided by ACI Building Code 
(318-77) or Canadian Standard A23.3. 

Determine the shear that can be transferred by each 
strut as the smaller of the values calculated in steps 
6 and 7. 

Check that the total applied shear does not exceed the 
total shear capacity as determined from step 68. 
Increase the shear-carrying capacities of the struts if 
required. 

Provide inclined reinforcing bars at the upper and 
lower tension corners of the opening to carry the 
factored shear in each strut at a stress of 24 ksi as 
outlined in Section 6.2.4. 

Check deflections at service load levels. Deflections 
can be estimated by means of the truss analysis or the 


beam analysis developed in this thesis. 
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The major difference between the design procedure 
proposed herein and that proposed by Barney (4) is in the 
assignment of shear carrying capacity to the top and bottom 
struts. The procedure proposed by Barney is conservative 
and involves simpler calculations, primarily because there 
is no calculation of axial force - moment interaction 
required. In many cases the shear-carrying capacity of the 
bottom strut would be ignored by Barney's procedure and the 
total shear would be assigned to the top strut. However 
from Barney's tests and the present test program it is 
clear that a significant amount of shear can be carried by 
the bottom strut. The procedure proposed in this thesis 
provides a rational approach to assigning a portion of 
shear to the bottom strut. 

It has also been shown that ductile behavior of the 
beam can be assured by attention to detailing at the 
corners of the opening. In the present procedure a 
rational approach has been proposed for determining the 
amount of reinforcement required. 

Finally, two approaches have been proposed _ for 
estimating deflections of beams with openings. Since 
Openings tend to decrease the stiffness of the bean, 


deflection may be a critical design consideration. 
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Table 6.2.3.2 Statistics for Test-to-Calculated Capacity 


Values of Shear in the Bottom Strut. 


Specimen Vtest/Vealc. 
BEAM Bl o.89(3) 
BEAM B2 Yaa 
BEAM B3 aerate 
BEAM Cl 0.69(4) 
BEAM C2 0.99(4) 
BEAM C3 1.45 (4) 
BEAM Dl 0.87(4) 
BEAM D2 1.044) 
BEAM D3 1.904) 
BEAM B4 0.79(4) 
BEAM B5 Tetagg 
BEAM B7 iota) 

Mean Value 1.11 

Standard 

Deviation Osis} 

Coefficient 

of Variation 30% 


Notes: 


(1) 


(2) 


(3) 
(4) 


Voealc is the calculated shear capacity based on the ACI 
design equation given in Section 6.2.2.2. This value is 
intended to provide a conservative estimate of the shear 
capacity of the member rather than a prediction of the 
actual shear strength. 

Veest is the shear in the bottom strut at failure based 
on test results. 

Failure occurred at the opening. 


Failure occurred away from the opening. 


pe 


——— 


: 
[DA aris no beesd yrtoaqes stsede bavetiata ond, 4 
gi guisv eidT «heh ($49 notioee nt nevin rob tanght 
ssorls oct Io osamizas ev Lievisence 8 sbivoig. os: 
oy to nots tbeaq ‘6 nena sedge ee ons a4 


2 / ey 


Bae acd writte’ ae'oiaas mode wa 


ae 


; inl’ ft! od het ot 


Table 6.3.1 Deflection at Midspan at Service Load Level 


i 


Specimen 


BEAM Bl 
BEAM B2 
BEAM B3 
BEAM Cl 
BEAM C2 
BEAM C3 
BEAM Dl 
BEAM D2 
BEAM D3 
BEAM B4 
BEAM B5 


BEAM B7 


Mean Value 


Standard 


Deviation 


Coefficient 


of Variation 


Deflection at Midspan 


Predicted Test 
1.54 eos 
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Figure 6.2.1.1 Primary Crack Pattern Associated with 


Failure Modes Observed in Tests. 
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Forces in Top and Bottom Struts at Center Line of Opening 


Figure 6.2.2.1 Forces at Middle Section of the Opening. 
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Figure 6.2.4.1 Free Body Diagram for the Cracked Bottom 


Strut. 
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Figure 6.2.4.2 Inclined Reinforcing Bars at the Corners 


of the Opening 
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Figure 6.3.1 M/EI Diagram Due to Prestress. 
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Figure 6.3.2 M/EI Diagram Due to Applied Load. 
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Figure 6.3.3 Localized Deformation of Struts. 
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7. SUMMARY CONCLUSIONS AND RECOMMENDATIONS 


7.1 Summary 

A combined experimental and analytical investigation 
was undertaken to study the behavior of prestressed 
concrete T-beams with web openings and to provide a basis 
for design recommendations. The experimental program 
consisted of tests to failure of eleven beams, nine with 
web openings and two without web openings. In the 
analytical investigation a truss analysis was developed to 
trace the load-deflection response of the beams into the 
post-cracking range, up  ~to first \«yuelding: sori che 
reinforcement. The test specimens were designed for 
flexure and shear according to the requirements of the ACI 
Building Code (318-7)? as beams without openings 
subjected to four point loads. Openings were provided in 
the webs and web reinforcement consisting of vertical 
stirrups, of the same size and spacing as the beam without 
openings, was provided in the bottom strut. The specimens 
were instrumented to obtain strain and deflection readings 


throughout the full load range up to failure. 
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Of primary interest in the test program were the modes 
of failure, distribution of shear between top and bottom 
struts, and load-deflection response. Effects on behavior 
of length of opening, depth of top strut, and reinforcement 
details around the opening were studied. 

A truss model was developed to trace the load- 
deflection response up to the load causing post yield using 
Branson's effective moment of inertia concept to model the 
degradation of flexural stiffness with progressive 
crackina. 

Based on the results of this investigation a design 
procedure that assigns shear forces to the top and bottom 
struts on a rational basis is proposed. The proposed 
procedure also contains recommendations for detailing 


around the openings, and deflection calculations. 


tec) Conclusions 

Based on the observed behavior of eleven prestressed 
concrete beams with large rectangular openings and on the 
analytical model developed, the following conclusions are 


presented: 


1. Failure modes observed in this test program were: 
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a) full hinging mechanism involving two hinges in 
each strut, 

b) partial hinging mechanism consisting of two 
hinges in the bottom strut and one hinge imnthe 
top strut followed by a shear failure away from 
the opening, 

c) shear failure at solid shear span followed by 
strand debonding, 


a) flexural failure at midspan. 


Opening length affects the extent of eracking ckngrthie 
struts. As the length of opening increases, the local 
strut moments also increase, causing an increase in 
cracking. The slope of the load-deflection curve is 
smaller for specimens provided with longer openings due 
to the reduced flexural stiffness in the vicinity of 
the struts. Opening length also affects the shear 
distribution between the top and bottom struts. After 
cracking of the bottom strut a redastributbona not agshear 
takes place involving transfer of shear from the bottom 
to- the (top: strut. The amount of shear transferred 


decreased as the opening length increased. 


Vertical position of opening affected development of 


eracking.in the struts. When the opening is shifted 
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towards the bottom of the specimen cracks form at the 
bottom strut at lower loads, reflecting a reduction in 
the flexural stiffness of the bottom strut. Vertical 
position of the opening also affected the shear 
distribution of the struts. If the bottom strut has 
its depth reduced, the top strut carries a larger 
wmertion Of the total, shear. This reflects a greater 
ratio of flexural stiffness of the top strut to the 


Hoecom strut. 


The shear reinforcement details at the opening 
significantly affected the propagation of cracks at the 
corners of the opening, the shear distribution between 
the top and bottom struts, and failure mode. TEL, the 
web shear reinforcement at the opening is not effective 
in limiting the propagation of cracks at the corners OL 
the opening, web-flange separation and loss of bond 
occur causing brittle failure. Proper detailing of 
reinforcement around the opening is essential to 
prevent brittle failure and widening of cracks. 
Inclined reinforcement placed at the tension corners of 
the opening is shown to be effective in restricting 
extension and widening of the inclined crack formed at 
the corner of the opening, preserving the struts 
connection and allowing redistribution of forces an) the 


struts. 
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Based on the comparisons between calculated flexural 
and shear capacity of the struts and the portion of 
shear carried by each strut, it is concluded that a 
reasonable estimate of the shear carried by the bottom 
strut is that corresponding to its calculated shear 
capacity. Consequently the rest of total shear at the 


opening is carried by the top strut. 


Comparison between analytical and experimental results 
indicates that the proposed truss model provides an 
efficient method for determining the load-deflection 
response of prestressed concrete beams with large 
rectangular openings. The effective moment of inertia 
concept as applicable to the truss model makes the 
procedure ayalid«sonky ifor loads in the service load 
range although good agreement was obtained between 
analytical and experimental results up to the load at 


first yield. 


Large web openings may produce a significant decrease 
in beam stiffness compared to a beam without openings, 
partéacularlyshbir-crackings occursitavs the service7pload 
levels. Deflections may therefore become a critical 


design consideration for beams with large web 
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openings. Although the analytical model based on a 
truss analogy can predict deflections with reasonable 
accuracy at working load levels, such a model is 
considered too complex for routine design. 

8. A simpler approach based on standard beam analysis 
procedure, considering flexural deformations of the 
beam as a whole and additional deflection due to 
localized bending of the struts, also predicts 
deflections with reasonable accuracy at the service 


load range. 


7.3 Recommendations. 
Based on the results of this investigation, 
recommendations for prestressed concrete beams with large 


web openings are presented. 


7.3.1 Design Recommendations 
A design procedure for prestressed concrete beams with 
web openings has been proposed in Chapter 6. The main 
features of the proposed procedure are as follows: 
1. Determine shear-carrying capacities of the top and 
bottom struts and ensure that the capacity available is 


adequate to resist the total applied shear. 
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2. Provide reinforcement details at the corners of the 
opening to prevent rapid propagation and widening of 
cracks likely to cause premature brittle failure. 

3. Check deflections, taking into account the reduced 
flexural capacity due to the web opening and local 


flexural deformation of the top and bottom struts. 


7.3.2 Recommendations for Further Research 
Additional experimental work could provide useful 

information concerning a number of aspects of behavior 

including: 

1. Effects oof multiple openings with narrow posts 
separating the openings. 

2. Effectiveness of alternative reinforcing details at the 
corners of openings. 

3. Limits on lengths of opening before stability of the 
compression strut becomes a significant consideration. 


4. Effects of varying degrees of partial prestress. 


Design of test specimens should attempt to induce 
failure in the struts rather than in the solid section of 
the beam. 

The truss model could be extended to include the 


effect of yielding of reinforcement and the effect of 
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Giagonal web cracking. Detailed examination of load 
transfer mechanisms around corners of openings would be of 


interest using advanced finite element techniques. 


; i; - 7, TY oe au 7 . a ' ie 
: -ssupinfoes snamsie e2 


REFERENCES 


ACI Committee, "Building Code Requirements for 
Reinforced Concrete (ACI 318-77), American Concrete 
Institute, Detroit, Michigan, 1977. 

ACI Committee 224, "Control of Cracking in Concrete 
Structures", Concrete International, October 1980, 
Neovo. 10, Dp. 35-76. 

ACI Committee 435, "Variability of Deflections of 
Simply Supported Reinforced Concrete Beams", ACI 


Journal, Proceedings, V.69, No. 1, January 1972, pp. 


29—-35. 
Barney, G., "Design of Prestressed Concrete Beams with 
Large Web Openings’, ‘Ph.D. Thesis, Northwestern 


University, Evanston, Illinois, 1975. 

Branson, D.&., and Trost, H., "Unified Procedures for 
Predicting the Deflection and Centroidal Axis Location 
of Cracked Nonprestressed and Prestressed Concrete 
Members", ACI Journal, Proceedings, V- 79, No. 2, 
March-April 1982, pp. 119-130. 

British Standard Code of Practice (CP 110-72), London, 
172; 

Collins, M.-P. and Mitchell, D., "Shear and Torsion 


Design of Prestressed and Non-prestressed Concrete 


2592 


Yor | 


' yl > Dian S| 
eseisne® nepiiomé 


(traare 198) 8 
tres Jang etm aaa 
9tetoned ae gatvesx2 e torsneo* +os8 nese 
oner ~ seass0e Lenokzemsegat a3e10009 at ma 


av~2e “at OL -om 
: - SP t ft 
40 «anoksoslted 40 Yitidetisy" zee 2692 imo TOA -E 
ite Ee 1, “% 
IDA ,"“ameo statono> beoxotnten: beszoqque’ ba) 
. an) ) 
aq ,STOL yreunst ,f .om ,08.V ,epnibsesc24 Lasn0t 


Sa: | eet 
} ; | 7 ah, 
fitw enmssfi stsisn0D feseexteett to opiasd” ..o yours 


cay: 
ys 


disseswttxow# ,aleetT .a.d49 s“aeataago daw ‘episd 
pOvOL ,atonlilt mosensva ivneiagnl 


ie 
matt 


tot aextubesoss bseittau” cat ,f2o1T bras v5. bese 


Oe pe | 0 pe ae 
nolvaccn! elaA Lebloxtas>) bas nobzoslisd ens pnisoiberd 


i. : | 
sieione? beeestzeerd Bos heseettesitqne# bexosi5 to a 
Nah tee & 


© .om (et .Y pepnEbasscor9 enrol IDA Mba! 
FOEL-C1L .qq ,S@L Hhaghrora 
nobiod (STO #9) eoksos14 Yo shoo brsbasga a 


Ge) hy 


‘ 
(\s 

a i Gh ee a 
notetoT bre oneal yd Etedoaie sine 


9tex9005 boneenaernieenen brie veaeox: 


ll uy’ 


oy 


10. 


Lay 


ae? 


3% 


14. 


5 


Beams", PCI Journal, September-October, 1980, pp. 32- 
100. 

Dunbar, A., "Prestressed Concrete T-Beams Containing 
Large Circular Web Openings", M.Sc. Theis, University 
of Alberta, Edmonton, Alberta, 1976. 

German Concrete Code, DIN 4227. 

Hanson, J.M., "Square Openings in Webs of Continuous 
Joists", Research and Development Rulletin, Portland 
Cement Association, Skokie, Illinois, 1969. 

LeBlanc,« E.P., "Parallelogram Shaped Openings in 
Prestressed Concrete T-Beams", M.Sc. Thesis, 
University of Alberta, Edmonton, Alberta, LO Jelse 
Linder, R.A., "Large Web Openings in Prestressed 
Concrete T-Beams", M.Sc. Thesis, University of 
Alberta, Edmonton, Alberta, 1976. 

Lorentsen, M., "Holes in Reinforced Concrete Girders", 
Byggastaren, Volume 41, No. mipsuly 1962.  Transtacted 
from the Swedish by Portland Cement Association. 
MacGregor, J.G., and Hanson, J-M., "Proposed Changes 
in Shear Provisions for Reinforced and Prestressed 
Concrete Beams", ACI Journal, Proceedings, V. 66, No. 
4, April 1969, pp. 276-288. 

Mattock, A.H., "Flexural Strength .of . Prestressed 
Concrete Sections by Programable Calculator’; PCr 
Journal, V. 24, No. 1, January-February 19797 pp. 32— 


54. 


233 


AYLs ies 
Bs ara bod ese 1onod ¢ 


sosalaaes So aN wh ‘epntnedd: areupe" yeMet pas 
bneitzo9  itsel iva evar pare ate bei do1seseh "a2 

~Coef ,etoartiD “ebtos2 snot spizoash treme) 

ai epnicaegd bSeqeia mexyoteliaie®” et. x son me 

i i they 

,aieaodt .23.M "“amsod~T 93979002 nasseneaae 

{fel ,atredLa ,fotnomb gs ‘yatueatta to wlereviad 

ieseorsser% nt apaineqo dow epied"  .-A.Al sebaid 5 

to 0G yttexeavintd§ «6 6 ,atesiT) =. aM “ansed-? | 3272909 i 


.aTeL .sstedlA nod tORee er 10dL& _ 


i ah er 
“ere b1id 92670009 Sap seheres nk ne ton" oat irrasessily 
‘ a oe ny 
hesslenssT oper yiut ,v ‘ov » th on lov \netstes 
po ' 


aobjsinoeséA saamed baralsiod ont ria bow ods ane 


aa 


ascosd> besogon’" veM.% \AoeansH See Ds ‘ scpeibaniee 
] pean 

hesestteero San banzaraies *"o% aaoiatvoxd asset? cS 
7. a7 ay ol 

Of , 88 .V agaibewsor? vlenxvet IDA “amend 93s" +] 


-§8S~d0E +99, veReE tas i. 


ie be d 2 =) 
beaesitess4 to fspneite feruxes2" | ” eA 920, van 
Oe ot Oe dea? Maat ul ni LOM 


10% ,"rosslusiad sidemmipo24 ” anolspe® ‘speto8 » 


i 


3 
“SE .qq »eTel eceueinigpanaat if ee ie era 
ip ; wae F 
a 7 de 


16. 


aes 


18. 


te Ie 


20. 


Bs 


22% 


23s 


Nasserpwke);. Acavalosp Ay, and Daniel,’ HRs, ) “Behavior 
and Design of Large Openings in Reinforced Concrete 
Beams; , PACT JournalyeVer64ewo. 1, January ‘196777. 

Gote oforotithenUDesiqwmwof sConcrete Structures’ for 
Buildings, (CAN-A23.3-M77), Canadian Standard 
Association, Ottawa, 1977. 

New Zealand Standard (DZ 3101-80), Wellington, 1980. 
Ragan, H.S., and Warwaruk, J., "Tee Members with Large 
Web Openings", PCI Journal, V. 12, No. 4, August 1967, 
Dba, 52-65. 

Ramey, M.R., and Tattershall, D.W., "Reinforced 
Requirements for Concrete Beams with Large Web 
Openings", Highway Research Record Number 428, gS AT GE 
Ppperse21% 

Sauve, J.G., "Prestressed Concrete Tee Beams with 
Large .Web Openings", M.Sc. Thesis, University of 
Alberta, Edmonton, Alberta, 1970. 

Schlaich, J., and Weischede, D., “Detailing Reinforced 
Concrete Structures", Proceedings of the Canadian 
Structural Concrete Conference, Toronto, 1981, pp. 
171-198. 

Segner, E.P., “Reinforcement Requirements for Girder 
Web Openings", ASCE Journal, Proceedings, V. 90, Paper 


3919, June 1964, pp. 147-164. 


234 


o29209 ae ik cestnead 9 
vat opadealt ma 10% "28 WV \EeaIwOU TIA 
yo? «eexndou27e “asexene? to. er ety 20) 
bisbass®  niakbeasd” ees enaeaa _ 
| > ther Siawe220° re 
ober ,notpnistew \(Oe@Tore "say Sxebie Ie a } 
spysd ditw atedus™ on eu Surswiew bis. 8.8 vial 
.vael teupua \* .om \ SL WV ..snagot ToT Meeeahesereale a 
tae wll 2082 aa a 


bestotnien"” (.W.0 \Ifstaresset_ Bas eA Sewckl«. 


esis 


: 


deW epvet fiw” amss8 s2e79n02 10% asnomextupem |” 
LETe@L ‘(850 ysedmuw) Bré08R doyssaeh eo i “epntead 
eo #4 

i+iw amseh eet sse19n0D bessertaes 9” (79.0 eves). 
to «6yslesevial sieedT .98.M “aprinagd dew: opred 34 
OGL (stuedlA snostaome® 7 

s7210%nLsA patPhess@” \.C \ebedoereW bas st" otsitioe 
osibeesD end “RO sonibesvort “sexutouxg2 esecindla 
-9q ,{8@f ,odhoreT “\eonetetned ete T9009 © laa 
, 2Om a : 

Tobxse yoR sdnemetinped sramacsoinisA” al a : 
Yeqst ,0e° .Vv epatiieaso2 4 hated eae a 


ee yparerer, 
i ee 


24. Shushkewich, K.W., “Simplified Cracked Analysis", 


Journal, V. 60, No.- 48, Nov-Dec 1983, pp 526-531. 


S65, eSomes, N-F., and Corley, W.G., “Circular Openings “in 


Webs of Continuous Beams", ACI Journal, V. 1, 5P-42, 


1974, pp. 359-398. 


26. Task Committee on Finite Element Analysis 


Reinforced Concrete Structures, "State-of-the-Art 


Report: Finite Element Analysis of Reinforced 


Concrete Structures", ASCE, 1982. 


Conversion Factors - SI Equivalents 
1 in. = 25.4 mm 

1 lb (mass) = 0.4536 kg 

1 1b (force) = 4.488 N 

DP ib/sq in. = 6.895 kPa 

1 kip = 444.8 N 

1 kip/sq in. = 6.895 MPa 


1 in.-kip = 0.1130 Nm 
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APPENDIX A 


DETAILS OF OPENING GEOMETRY AND REINFORCEMENT 
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Figure Al Reinforcement Details - BEAM Al 
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Figure A2 Reinforcement Details - BEAM A2 
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Figure A3 Reinforcement Details - BEAM B2 
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Figure A4 Reinforcement Details - BEAM B3 
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Figure B8 Strain Gage Locations - BEAM D3 
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Figure C48 Strain in Gage 16 - BEAM A2 and BEAM Dl. 
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Figure C49 


Strain in Gage 9 - BEAM A2 and BEAM Dl. 
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Figure C54 Strain in Gage 14 - BEAM A2 and BEAM D2. 
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Figure, G57 Strain in Gage 16 - BEAM A2 and BEAM D3. 
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Figure C58 Strain in Gage 11 - BEAM A2 and BEAM D3. 


316 


’ 
CW t." 
ces ory , 
! 


LOAD {k) 


=O. 


-9.0 


LEGEND 
al PP BEAnRZ 
(SO er oaanios 


-0.005 0.001 0.007 
STRAIN (in/in) — GAGES 


Figure: Co? Strain in Gage 13 - BEAM A2 and BEAM D3. 
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Load-Deflection Curve - BEAM Bl. 
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Load-Deflection Curve - BEAM B3. 
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Load-Deflection Curve - BEAM Cl. 
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Load-Deflection Curve - BEAM C3. 
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Load-Deflection Curve - BEAM Dl. 
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Figure C71 Load-Deflection Curve - BEAM D2. 
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Load-Deflection Curve - BEAM D3. 
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APPENDIX D 


ESTIMATION OF SHEAR CORRESPONDING TO FLEXURAL AND SHEAR 


CAPACITY OF THE STRUTS AND COMPARISON WITH TEST RESULTS 


Dee rnteroduction 

In this appendix distribution of applied shear between 
the struts based on calculated flexural and _= shear 
capacities of the struts are estimated and compared with 
test results. First the ultimate moment and shear at the 
center of the opening are determined from applied loads. 
The axial tensile force T in the bottom strut and the axial 
compressive force C in the top strut are determined from 
equilibrium conditions at the center of the opening, as 
described in Chapter 6. The flexural capacities of top and 
bottom struts are determined from the computer program 
PREBEAM developed by Shushkewich (24), as mentioned in 


Chapter 6. 


P.a.1 ‘*BEAM..Bl 
Failure load - 11.03 kips 
ie Ultimate moment at the center of the opening: 


i Re 2(11.03)(104.4)-(11.03) (34.8)=1919.22 in = kips. 
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2. Axial compressive force in the top strut: 


_ 1919.22 - 0.7(250)(0.32)(2) 


c is = 120.4 kips 
He Axial tensile force in the bottom strut: 
mp O19 22: = 0.7(250) (0.32) (07) En eg 
4. Moment capacities at top and bottom struts obtained 


using the computer program PREBEAM and the known 
section properties are: 


Ms p= 126.47 untqmwkips 


Mo= DEALER Sy TaN at er get ok) 
M3. 232. Lowi Kips 
Bi: 167-0) in = Kips 


where the locations of these moments are indicated in 


Bige, Din 
Vy Vs 
ee 
V V (> | 3 
D € D C 
A 3 | Vb A Bb 
” T T 


FIG. Dl - Moment Capacities at the Struts 
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Shear corresponding to the calculated flexural 


Capacity of top strut: 


M, +M, 233.15 + 167.0 | 
MO (=icetiees = = 7.15 kips 


1 & 56 


Shear corresponding to the calculated shear capacity 


of top, Strut: 


2[1 + 0.0005 (220e00) 1YES00 = 290.73 psi 


< 
" 


< 
" 


0.85(290.73)(20)(0.8)(4) = 15.8 kips 


Shear corresponding to the calculated flexural 
capacity of bottom strut: 
M, + M T2617 ete ee 


V = = = 7.21 kips 
se 3] 56 


Shear corresponding to the calculated shear capacity 


of bottom strut: 


2f1 + 0.002 (=254°°)] Y6900 = -368.81 psi 
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Dele2 § BEAM B2 
Failure load - 11.40 kips 
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M\e= 2( kiwa)o4vaee (20.4 S48 paSc19s3s 26 int = kips 


26 Axial compressive force in the top strut: 


_ 1983.6 - 04°97 2509 4 Osis 2 ).( 2.) 


Cc is = 124.7 kips 
36 Axial tensile force in the bottom strut: 
y = 1983.6 = 0.71280) (02320007) — 6a 7 ips 
4. Moment capacities at top and bottom struts: 
oh WVO.O7 win = Kips 
Soy Di eao)2in — Kips 
a 228.38 in - kips 
My) = 977176ain =—-kips 
aye Shear corresponding tome the calculated flexural 
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6. Shear corresponding to the calculated shear capacity 


of top strut: 
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v, = 2[1 + 0.0005 (224708) j /6600 = 288.4 psi 
NA 0.85(288.4)(20)(0.8)(4) = 15.68 kips 
s 
1s Shear corresponding to the calculated flexural 


capacity of bottom strut: 


Vv -§ 110.97..+ 277.43 


be 40 


= 9.71 kips 


So. Shear corresponding to the calculated shear capacity 


of bottom strut: 


a, ls: 0.002 (=S57°°) Y6600 = -395.6 psi 
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b 8 
Ss 
De 1.3, OfBEAM BS 
Failure load - 11.45 kips 
Le Ultimate moment at the center of the opening: 


Mi = 2(104.4) (117450 = (112450034 7/90) = 1992430 kips. 


2. Axial compressive force in the top Struts 


_ 1992.3 = 0.7(250)(0.32)(2) 


C 15 = 125.3 kips 
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3.0 Axial tensile force in the bottom strut: 


_ 1992.3 - 0.7(250)(0.32)(17) 


th 15 = 69.3 kips 
4. Moment capacities at top and bottom struts: 
Mics fS6coleeine— ucips 
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Mim 2171.96 in = kips 


Ma = 147 47.544 in =) Kips 
= Shear corresponding to the calculated flexural 
capacity of top strut: 
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6. Shear corresponding to the calculated shear capacity 


Of. HopListruit: 


ee a 0.005 (22339) yeToo = 278.04 psi 
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Shear corresponding to the calculated shear capacity 


of bottom strut: 


v. = 2[1 + 0.002 (eS) /6400 = -385.0 psi 
2(0.02895) (81000) (0.8) (10) 
= 1 
ee 10.5 3.57 kips 
BEAM Cl 


Failure load - 10.0 kips 
Ultimate moment at the center of the opening: 
="2(10.0)(104.4) =.(10.0)(34.8) = 1740.0 in - kips 


Axial compressive force in the top strut: 


_ 1740.0 - 0.7(250)(0.32)(0) 
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Shear corresponding to the calculated shear capacity 


of top strut: 
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Shear corresponding to the calculated flexural 
capacity of bottom strut: 
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Shear corresponding to the calculated shear capacity 


of bottom strut: 


v. = 2[1 + 0.002 (022°) ) /6400 = -513.6 psi 
y= 260202895) (81000)(0-8)(6) - 3.46 xips 
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BEAM C2 
Failure load - 10.57 kips 
Ultimate moment at the center of the opening: 
= 2(10.57)(104.4)-(10.57) (34.8) = 1839.18 in - kips 


Axial compressive force in the top strut: 


_ 1839.18 - 0.7(250)(0.32)(0) © 439.6 ips 


. 16.33 


Axial tensile force in the bottom strut: 


_ 1839.18 - 0.7(250)(0.32) (16-33) 


Ms Teas 


= 56.6 kips 


Moment capacities at top and bottom struts: 


Mi = 196.9 in - kips 
M5 > 196.9 in - kips 
ee 302.44 in - kips 
Me 043.4) 10 = kips 


Shear corresponding to. the calculated flexural 
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vorenatie 0.0005 (+428) ] /é700 = 259.47 psi 
Wiaa 0.85(259.47)(4)(0.8)(8) = 5.64 kips 
Vv. = 2(0.02895) (81000) (0.8) (8) SR IE 
Wee = 5.64 + 3.75 = 9.39 kips 
Ss 
Ta Shear corresponding to the calculated flexural 


capacity of bottom strut: 


ao oe ; 
Nee = 40 = 9.84 kips 
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8. Shear corresponding to the calculated shear capacity 


of bottom strut: 
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Vv. = 2 (0.02895) (81000) (0.8) (6) Listal wise 


D.1.6 BEAM C3 
Failure load - 10.50 kips 
i Ultimate moment at the center of the opening: 
2s 2(10 259104. 4) — (10.5)(34.8) = 1827.0 in - kips 


Ze Axial compressive force in the top strut: 
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1827.50 0—.0 41.4250 )00. 32),(,0) 


Cc = 16.33 = 111.8 kips 
SIE Axial tensile force in the bottom strut: 
S210 EEOC 2bO) Ore e633) > : 
fe rrr ae PSG or = 55.8 Kips 
4. Moment capacities at top and bottom struts: 
Mae 197 Od eine aki DS 
Mow 124494 .im aekips 
May 30) {650 kips 
My, = 167.04 in’ — kips 
Bie Shear corresponding to the calculated flexural 


Capacity™"of top strut: 


PT eYonasice Sai seh ater 


Pigii a4 = 19.53 kips 


6. Shear corresponding to the calculated shear capacity 


OF Cop struc: 


2f1 + 0.0005 (*#32°°) ] {6600 = 256.7 psi 


vo = 
‘ie . 0.85(256.7)(4)(0.8)(8) = 5.58 kips 

D2 (Oe02695 CS lOOOyO.8)(8). 
oe = a Sena eS oan 2.55 kips 
Vo (t= 9555874265643 kips 
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a Shear corresponding to the calculated flexural 


Capacity of bottom strut: 


2x197.94 : 
VE Soar og 16.49 kips 
r 
8. Shear corresponding to the calculated shear capacity 


OfODOttomestrut: 


v= 2[t + 0.002 (225°) /6600 = -593.05 psi 
2(0.02895) (81000) (0.8) (6) A 
= oO 
Vy 10.5 2.14 kips 
S 
Del.7) BEAM DI 
Failure load - 10.40 kips 

iS Ultimate moment at the center of the opening: 


EN a 2(10.4)(104.4) - (10.4)(34.8) = 1809.16 in - kips 


2. Axial compressive force in the top strut: 


ERE pamizgo noe 2 12) nak eee 


Ss Axial tensile force in the bottom struts 


190916 Oa oO Oe ae) 57.14 kips 
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Moment capacities at top and bottom struts: 


M, = 147.33 in - kips 


Moe 277-11 =-ki ps 
Eas 231.da° Naps 
My, = 167.04 in - kips 


Shear corresponding to the _ calculated flexural 


capacity of top strut: 


e + e ° 
Vv ey eal Lis, 16U-06 Tip] WiK Eps 
te 56 


Shear corresponding to the calculated shear capacity 


Of top strut: 


nee Zee 0.0005 (++3249)] Y6800 = 281.2 psi 
V = 0.85 (281.2)K20)(0.8)(4) = 15.3 kips 
Ss 


Shear corresponding Og. CHe calculated flexural 


capacity of bottom strut: 


il 47 accset eevee) ; 
We Sh eeanc mae 72638105 


Shear corresponding to the calculated shear capacity 


of bottom strut: 
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vo = Cl + apii[epd al Y6800 = -305.1 psi 


_ 2(0.02895) (81000) (0.8) (10) _ 
ea a aC 5.) Kips 


b.i.8 “BEAM D2 
Failure load - 10.50 kips 
1. Ultimate moment at the center of the opening: 
Me 2(10.5)(104.4) - (10.5)(34.8) = 1827.0 in - kips 


2 Axial compressive force in the top strut: 


one 1827.0. —102.74 2500.32 ) (2) = 114.3 kips 


iS 
3. Axial tensile force in the bottom strut: 
T = 1627.0 — 0.7(250)(0.32) (07) = 58.3 kips 

4. Moment capacities at top and bottom struts: 

sey 740.9 “in: — Kips 

Mors 2819 “in =" Kips 

Ma f= 216.04 in - kips 

Mpi= 163 Jbbcin ='kips 
D6 Shear corresponding to the calculated flexural 


capacity of top strut: 


y= 216.04 + 163-11 _ 9 48 kips 
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6. Shear corresponding to the calculated shear capacity 


Of topy struc: 


v= 21 + 0.0005 (2+42°°) J /€100 = 267.1 psi 
ve = 0.85(267.1)(20)(0.8)(4) = 14.53 kips 
s 
ie Shear corresponding to the calculated flexural 


capacity of bottom strut: 


1405.9 2+ 828119 


8. Shear corresponding to the calculated shear capacity 


of bottom strut: 


yews 2[1 + 0.002(==95°")] Y6100 = -299.1 psi 


_ 2(0.02895)(81000)(0-8)(20) _ 4.69 Kips 


b 8.0 
Ss 


V 


D.1.9 BEAM D3 
Failure load - 10.80 kips 
ihe Ultimate moment at the center of the opening: 


My = 2(10.8)(104.4) - (G28) 34.8) (=\1899-2.in = Kips 
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Axial compressive force in the top strut: 


_ 1879.2 - 0.7(250)(0-32)(2) 


- 15 


2711726) Kips 


Axial tensile force in the bottom strut: 


feel eLzae SANSONE Be ee 


Moment capacities at top and bottom struts: 


Mi = 128.2 in - kips 


Mo = 282.1 ine —ekips 
Mes 218.64 in - kips 
My LO) ain = Ka ps 


Shear corresponding to), the calculated flexural 


capacity of top strut: 


y= 218.64 + 167-37 _ 46 08 Kips 
tip 24 


Shear corresponding to the calculated shear capacity 


Of top struc: 


vo = 21 + 0.0005 (2+ 25°") ) /6D00 = 273.2 psi 


ar 220485:(2-73~25--20)-4078)14)-=— 14. 86 Zkips 
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Te. Shear corresponding to the calculated flexural 


capacity of bottom strut: 


PIB ART 28200) ‘ 
vee = 54 = 17.10 kips 


Shear corresponding to the calculated shear capacity 


of bottom strut: 


v= 2 + 0.002 (=S55°°) J J6200 = -329.1 psi 


2(0.02895)(81000)(0.8) (10) : 
4 ee = 
aoe 10.5 So 07K EpS 


D.1.10 BEAM B4 
Failure load - 8.61 kips 
i. Ultimate moment at the center of the opening: 
rs 275 (8.61) (108.0) — (8.62 (34-0) |= 2031.96 in== Kips 
2.0 Axial compressive force in the top strut: 


eee 2031 296 t= 0.7(270)(3)(0.153)10) = 112.8 kips 


3% Axial tensile force in the bottom strut: 


T = 2031: 965-0. 7(270 (3) (0.153) (26) = 26.13 kips 
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Moment capacities in the top and bottom struts: 


Mo = 389.2 in - kips 


= 
N 
" 


389.2 in - kips 
Mae> 244.75 in - kips 


=' 212.18 in = kips 


= 
nS 
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Shear corresponding to the calculated flexural 


capacity of top strut: 


y= 244-75 + 212.18 


tr 45 


= 10.15 kips 


Shear corresponding to the calculated shear capacity 


of top strut: 


ve 21 0.0005 (++225°)] 77820 =°228.15 psi 


Mle = 0.85(228.15)(48)(0.8)(4) = 29.78 kips 


Shear corresponding +O. wet le calculated flexural 


capacity of bottom strut: 


pe Bpcecilae 


De 45 


= 17.2 kips 


Shear corresponding to the calculated shear capacity 


of bottom strut: 
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-26130 is 
a 2hles 0.002 =5-5)) Y7860 = 3.12 psi 


< 
" 


Vs 0.85(3.12)(3.75)().8)(12) = 0.095 kips 
oe (0.021) (75000)(0.8)(12) _ 5 «55 Vine 
s 6 
Vb = 0.095 + 2.52 + 2.61 kips 
=) 


D-1.11 ~BEAM»)BS 
Failure load - 7.62 kips 
Ue Ultimate moment at the center of the opening: 
M SORBATE 29 108% 0) — 7262) (34.0) = 178S.06 it). — “Kips 


Zs Axial compressive force in the top strut: 


= = 1783.08 - 0.7(270)(3)(0.153)(0) 


i8 = 99.06 kips 


Se Axial tensile force in the Dotcom Sscruc: 


1783.08 - 0.7(270)(3)(0-153)(18) _ 49,33 


T = i8 kips 
4. Moment capacities at top and bottom struts: 
Ma 384.2 in - kips 
Mo) = 384.2%in = Kips 
Mans 189.94 in - kips 
My = 181.92 in = kips 
Ss Shear corresponding conn cine calculated flexural 


capacity of top strut: 
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6. Shear corresponding to the calculated shear capacity 


OL stop strut: 


vo ‘e200 4 0.0005 (22089) Y74I0 = 216.06 psi 
es = 0.85(216.06)(48)(0.8)(4) = 28.2 kips 
s 
ae Shear corresponding to the calculated flexural 
capacity of bottom strut: 
9 2x384e2) b : 
Vy = 60 = 12.80 kips 
t 

8. Shear corresponding to the calculated shear capacity 


of bottom strut: 


i XE: wee \5 Vian) =.92.1) psi 


c SEAM 
shige 0.85(92.10)(3.75)(0.8)(12) = 2.82 kips 
HS (0.021) (75000) (0.8) (12) ISG EE 


V, = 2.82 + 2.52 = 5.34 kips 
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Dil. 1 29eBEAMPB? 


Failure load - 8.55 kips 
Ultimate moment at the center of the opening: 
me O85 ( R655) Os Ole e lee Dl) o4.0)) = 2000.7 in - kips 


Axial compressive force in the top strut: 


he 2000.7 = 0.7(270)(3)(0.153) (0) aeuadise Kies 


Axial tensile force in the bottom strut: 


2000.7 20.7 (270) G0 05 3) 018) 


Ses 18 


= 24.4 kips 
Moment capacities at the top and bottom struts: 
we Be 422.85 in - kips 


= 422.85 in - kips 


4 
Nw 
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= 236.84 in - kips 
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Ww 
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M, °F 194.48 in - kips 
Shear corresponding to the calculated flexural 
capacity of top strut: 

Vv _ 236.64 + Oe AS ea Ag ies 
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6. Shear corresponding to the calculated shear capacity 
OTe top: Struc: 
v, = 21 + 0.0005 (*+752°)] /8000 = 229.8 psi 
vie = 0.85(229.8)(48)(0.8)(4) = 30.0 kips 
s 
flee Shear corresponding to the calculated flexural 
capacity of bottom strut: 
Ph VSS) rere. : 
Vb = 60 = 14.09 kips 
25 
8. 


Shear corresponding to the calculated shear capacity 


of bottom strut: 


-24400 


ie Dee O02 Sea om Bo ee Nel ty OO Or sel an) Oe pat 
Wes 0.85(14.79)(3.75)(0.8)(12) = 0.452 kips 
v= (0.021) (75000) (0.8) (12) mR OA UK IoE 


Vy = 0.452 + 5.04 = 5.5 kips 
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